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Abstract 
 
Exploring the dynamic response of porous media is of paramount importance across 
industrial sectors ranging from civil engineering to defence. However, the behaviour of 
porous media under high strain rate loading is infrequently characterised and poorly 
understood. The incorporation of water giving rise to a partially saturated state further 
exacerbates the challenges in evaluating the response of such materials under dynamic 
conditions. This dissertation aims to address current deficiencies in contemporary knowledge 
by exploring the compressive high strain rate behaviour of partially saturated porous media 
via experimental testing using a modified split Hopkinson pressure bar. Materials consisting 
of Sydney sand, poorly graded glass beads, and well graded glass beads are examined under 
strain rates ranging from 800 s-1 to 2100 s-1 at saturations from 0% to above 90%. It was 
identified that the stress-strain response is highly complex and sensitive to multiple 
controlled parameters including strain rate, grain shape, specimen gradation, initial dry 
density, and confinement environment, which are all in turn further influenced by the degree 
of saturation. The energy density and extent of grain crushing in relation to the saturation, 
initial dry density, and lateral confinement environment were also quantified to further 
understand the role of pore water in influencing the energy absorption and breakage of 
particles under high strain rate loading conditions. Experimental results extracted as part of 
this study will effectively aid in the development and calibration of multi-scale multi-phase 
constitutive mechanical models with the potential for implementation throughout 
engineering practice. 
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NOTATIONS 
 
𝑎 Inner radius of specimen confinement tube 
𝑏 Outer radius of specimen confinement tube 
𝑏𝑝 = {
log10 (
𝐷
0.074
)  𝑓𝑜𝑟 𝐷 ≥ 0.074𝑚𝑚
0                       𝑓𝑜𝑟 𝐷 < 0.074𝑚𝑚
  
𝑏𝑝𝑜 Original values of 𝑏𝑝 before loading 
𝑏𝑝𝑙 Values of 𝑏𝑝 after loading 
𝑑1 Distance between impact end of incident bar and Gauge 1 
𝑑2 Distance between specimen end of incident bar and Gauge 2 
𝑑𝑠 Specimen diameter 
𝑒 Specimen initial void ratio or Euler’s number 
𝑒0 Specimen initial void ratio corresponding to the initial dry density 
𝑓(𝑡) Fourier transform of general pressure wave function 
𝑓(𝐷) Weibull probability distribution function 
𝑘 =
𝜔
𝐶𝑜
, or gauge factor  
𝑙𝑠 Initial specimen length 
𝑚 Mass of pressure bar segment 
𝑚𝑑  Dry specimen mass 
𝑚𝑠 Specimen mass 
𝑛 Specimen porosity, or integer variable, or power law exponent number 
𝑝 Stress in pressure bar 
𝑝𝑖 Internal positive radial pressure on specimen confinement tube 
𝑝𝑜 External positive radial pressure on specimen confinement tube 
𝑟 Radial designation of confinement tube taken from the centroid 
𝑡 Time 
𝑡𝑖  Time relative to beginning of incident wave 
𝑡𝑟  Time relative to beginning of reflected wave 
𝑢 Particle displacement within pressure bar 
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𝑢1, 𝑢2 Tensile displacement of pressure bar 
𝑣 Particle velocity within pressure bar 
𝑣1 Particle velocity at incident bar/specimen interface 
𝑣2 Particle velocity at transmitted bar/specimen interface 
𝑣𝑖 Particle velocity of incident wave 
𝑣𝑟 Particle velocity of reflected wave 
𝑣𝑡 Particle velocity of transmitted wave 
𝑥 Displacement designation on pressure bar 
𝑥0 Displacement designation on pressure bar at origin point 
𝐴 Cross sectional area of pressure bar 
𝐴𝑠 Cross sectional area of specimen 
𝐵𝑝 = ∫ 𝑏𝑝𝑑𝑓
1
0
 (refer Figure 3.13) 
𝐵𝑟  Hardin’s relative breakage potential 
𝐵𝑡 = ∫ (𝑏𝑝𝑜 − 𝑏𝑝𝑙)𝑑𝑓
1
0
 (refer Figure 3.13) 
𝐶0 Wave propagation velocity in pressure bar 
𝐶𝑐  Specimen coefficient of curvature 
𝐶𝑛 Velocity of frequency component 𝑛𝜔0 
𝐶𝑠 Wave propagation velocity through specimen 
𝐶𝑢 Specimen coefficient of uniformity 
𝐷 Grain diameter 
𝐷10 Diameter for which 10% of all grains by mass are finer in specimen 
𝐷30 Diameter for which 30% of all grains by mass are finer in specimen 
𝐷60 Diameter for which 60% of all grains by mass are finer in specimen 
𝐸 Young’s modulus of pressure bar 
𝐸𝑐  Young’s modulus of specimen confinement tube 
𝐸𝑠 Young’s modulus of specimen 
𝐸𝑊 Constrained modulus of pure water under high strain rate conditions 
𝐹1, 𝐹2, 𝐹𝑥 Longitudinal force in pressure bar 
𝐹(𝐷) Weibull cumulative distribution function 
𝐺 Amplifier gain 
𝐺𝑠 Specific gravity 
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𝐼∗ Intercept of the linear NSR trend line as a function of saturation 
𝐼𝑎
∗ , 𝐼𝑏
∗ 
Coefficients of the second-order polynomial approximating 𝐼∗  as a 
function of the initial void ratio 
𝐼𝑎1, 𝐼𝑎2, 𝐼𝑎3 Coefficients of the second-order polynomial approximating 𝐼𝑎
∗ 
𝐼𝑏1, 𝐼𝑏2, 𝐼𝑏3 Coefficients of the second-order polynomial approximating 𝐼𝑏
∗ 
𝐿 Original length of strain gauge filament 
𝐿𝑖  Length of incident bar 
𝐿𝑡 Length of transmitted bar 
Δ𝐿 Change in length of strain gauge filament 
𝑀∗  Slope of the linear NSR trend line as a function of saturation 
𝑀𝑎
∗ , 𝑀𝑏
∗, 𝑀𝑐
∗ 
Coefficients of the third-order polynomial approximating 𝑀∗  as a 
function of the initial void ratio 
𝑀𝑎1, 𝑀𝑎2, 𝑀𝑎3 Coefficients of the second-order polynomial approximating 𝑀𝑎
∗ 
𝑀𝑏1, 𝑀𝑏2, 𝑀𝑏3 Coefficients of the second-order polynomial approximating 𝑀𝑏
∗ 
𝑀𝑐1, 𝑀𝑐2, 𝑀𝑐3 Coefficients of the second-order polynomial approximating 𝑀𝑐
∗ 
𝑁 
Best fit exponent number relating the dry response of Sydney sand to 
poorly graded glass beads 
𝑃 Stress amplitude of pressure wave 
𝑅 Radius of pressure bar 
𝑅0 Initial strain gauge resistance 
𝑅1, 𝑅2, 𝑅3, 𝑅4 Resistances across Wheatstone bridge 
Δ𝑅 Change in strain gauge resistance 
𝑆 Initial specimen degree of saturation 
𝑇𝑖 Duration of incident wave 
𝑇𝑖(𝑚𝑎𝑥) Maximum duration of incident wave without overlap in incident bar 
𝑇𝑟(𝑚𝑎𝑥) Maximum duration of reflected wave without overlap in incident bar 
𝑉 Velocity amplitude of pressure wave 
𝑉0 Input voltage 
𝑉𝑆 Volume of solids in specimen 
𝑉𝑇 Initial total volume of specimen 
𝑉𝑉  Volume of voids in specimen 
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𝑉𝑊 Volume of pore water in specimen 
Δ𝑉 Output voltage 
𝑊 Energy density of specimen 
𝑊𝑊 Total weight of pore water in specimen 
𝑊𝑆 Total weight of solid grains in specimen 
𝛼 Ratio of outer to inner diameter of specimen confinement tube 
𝛾𝑑 Initial dry unit weight of specimen defined as 𝑊𝑆/𝑉𝑇 
𝛾𝑤 Unit weight of water 
𝛾𝜃 Specimen shear strain 
𝛾𝑑
𝜓
 Dry unit weight of specimen at lock-up 
𝛿 Phase angle 
𝛿0 Phase angle at 𝑥0 
𝜀 Pressure bar strain 
𝜀1 Strain measured by Gauge 1 
𝜀2 Strain measured by Gauge 2 
𝜀𝑖  Incident wave strain 
𝜀𝑟  Reflected wave strain 
𝜀𝑠 Longitudinal strain of specimen 
𝜀𝑡 Transmitted wave strain 
𝜀𝑥 Longitudinal strain in pressure bar (positive in contraction) 
𝜀𝜃𝜃 
Circumferential strain measured on outer surface of specimen 
confinement tube 
𝜀𝑟𝑟
𝑖  Radial strain of inner wall of specimen confinement tube 
𝜀𝜃𝜃
𝑖  Circumferential strain of inner wall of specimen confinement tube 
ε𝑠
𝜓
 Theoretical uniaxial compressive strain at specimen lock-up 
𝜀?̇? Specimen strain rate 
𝜁 =
𝑇𝑖
2
+
𝑑1+𝑑2
𝐶0
  
𝜂 =
2(𝐿𝑖−𝑑2)
𝐶0
  
𝜆 Weibull distribution scale parameter 
𝜇 Rate at which a loading pulse ramps to its maximum 
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𝜈𝑐 Poisson’s ratio of specimen confinement tube 
𝜈𝑠 Poisson’s ratio of specimen 
𝜉 Weibull distribution shape parameter 
𝜌 Density of pressure bar 
𝜌0 Specimen reference initial dry density 
𝜌𝑠 Specimen initial dry density 
𝜎1 Stress at incident bar/specimen interface 
𝜎2 Stress at transmitted bar/specimen interface 
𝜎𝑙 Specimen stress after correcting for longitudinal inertia 
𝜎𝑚 Isotropic stress in specimen 
𝜎𝑛 Measured specimen stress (before correction for inertial effects) 
𝜎𝑟 Specimen stress after correcting for radial inertia 
𝜎𝑠 Longitudinal stress in specimen 
𝜎𝑟𝑟 Specimen confinement tube radial stress 
𝜎𝜃𝜃 Specimen confinement tube circumferential stress 
𝜎𝑟𝑟
𝑖  Radial stress on inner wall of specimen confinement tube 
𝜎𝑠
0 Specimen engineering stress at 0% saturation 
𝜎𝑠
𝑆 Specimen engineering stress at saturation 𝑆 
𝜎𝐺𝑃
0  Engineering stress of poorly graded glass beads at 0% saturation 
𝜎𝐺𝑃
𝑆  Engineering stress of poorly graded glass beads at saturation 𝑆 
𝜎𝑆𝑃
0  Engineering stress of Sydney sand at 0% saturation 
𝜎𝑆𝑃
𝑆  Engineering stress of Sydney sand at saturation 𝑆 
𝜎𝜃𝜃
𝑖  Circumferential stress on inner wall of specimen confinement tube 
𝜏𝑒 Specimen shear stress at any plane inclined at 45o to the longitudinal axis 
𝜑 =
𝜌𝐶0𝐴
𝑚𝑠
  
𝜔 Wave frequency 
𝜔0 Fundamental wave frequency 
Γ Normalised stress ratio 
Γ𝐺𝑃 Normalised stress ratio for poorly graded glass beads 
Γ𝑆𝑃 Normalised stress ratio for Sydney sand 
Λ Wavelength of frequency component 𝑛𝜔0 
   
xxvi 
 
ABBREVIATIONS 
 
CAT 0 Strain rate category 0 (800 – 900 s-1) 
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CHAPTER ONE: Introduction 
 
INTRODUCTION 
 
The consideration of porous media in the context of contemporary soil mechanics 
encompass wide soil varieties with pore fluid contents ranging anywhere from dry to 
complete saturation. Contrary to classical soil mechanics, where the presence of moisture is 
largely approximated via a saturated response, the presence of both gas and liquid within 
pore spaces drastically complicates soil behaviour and the classical approach quickly collapses 
[1]. Fortunately, significant advancements in experimental and analytical technologies have 
occurred since the classical era, such as the ability to create complex multi-scale constitutive 
models [2]. Thus, the complexities surrounding the response of partially saturated (often 
referred as unsaturated) porous media can now be quantified and defined via contemporary 
methods of analysis. 
This dissertation aims at exploring the dynamic response of partially saturated porous media 
subject to high strain rate loading conditions from an experimental perspective. A systematic 
evaluation of the response of partially saturated granular materials is implemented to address 
the lack of reliable data in current literature. The information obtained thus allows for the 
development and calibration of multi-scale physics-based constitutive models to characterise 
such materials under various conditions. 
1.1 Background 
 
Soils existing above the water table typically exhibit marked variations in degrees of 
saturation defined by negative pore-water pressures. In addition, one third of the surface of 
our planet is classified as arid and semiarid [3]. With regions encapsulating North Africa, 
Central and Western Asia, Australia, and the western Americas, such are zones where the 
annual ground evaporation exceeds the annual precipitation (Figure 1.1). Consequently, very 
deep water tables typically dominate, with partially saturated soils extending down a 
significant depth into the subsurface stratum. 
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Figure 1.1: Locations of extremely arid, arid and semiarid climates on earth (extracted from [1]). 
Traditionally, characterisation of the mechanical behaviour of geological materials has mainly 
focused on its quasi-static response [4-6]. Extending this understanding into the dynamic 
regime for partially saturated porous media therefore becomes paramount for a range of 
engineering applications across many parts of the world. However, the high strain rate 
behaviour of geological materials such as soils is significantly less characterised and 
understood when compared to metallic substances [7]. This is especially the case for partially 
saturated porous media to which very little experimental information is available. In addition, 
current models to simulate such behaviour are often based upon empirical data. Hence, the 
applicability and reliability of available models are frequently called into question due to 
drastic spatial variations in soil properties which cannot be fully captured from site-specific 
field tests. 
The development of multi-scale multi-phase constitutive models is required to holistically 
capture the dynamic behaviour of partially saturated porous media. Such models enable the 
consideration of interactions between gas, liquid, and solid phases constituting partially 
saturated soils. Therefore, reliable experimental data is required to which the influence of 
parameters such as strain rate, stress state, moisture content, initial dry density, particle 
geometry, and particle size distribution on the overall dynamic response need to be evaluated. 
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The extraction of experimental stress-strain curves, energy absorption relations, and grain 
crushing trends under various testing conditions will thus enable the development and 
calibration of rate dependent constitutive models able to be adopted within engineering 
practice. 
1.2 Significance 
 
The ubiquity of soil as a construction material accentuates the importance of characterising 
and predicting their dynamic behaviour under any given saturation. This effectively facilitates 
solutions to challenges spanning both civil and military domains. For example, the 
destructive capabilities of landmines on civilians in developing nations serve as a reminder to 
the physical, psychological, social, and economic costs associated with the leftover artefacts 
of war [8]. Hence, understanding the response of soils under high rates of strain is critical to 
predicting and mitigating the impact of volatile munitions such as landmines [9]. 
Characterising the dynamic behaviour of porous media ultimately enables the determination 
of stress wave propagation in soils under blast and impact loading [10]. From a military 
standpoint, this is paramount in predicting damage to underground structures housing 
sensitive installations from conventional attacks [11], and estimating the depth of projectile 
penetration in soils [12].  
Moreover, accurately evaluating the high strain rate response of porous media is equally 
essential across a range of civil applications. By understanding the dynamic behaviour of soil, 
ground remediation measures may be more effectively implemented via the characterisation 
of subsurface pressure waves arising from dynamic compaction activities [13]. This also acts 
to facilitate the design of vibrational isolation and shock absorption systems for engineering 
structures and components [14]. In terms of seismic engineering, the dynamic quantification 
of multi-phase soil-water systems is important for the analysis of earthquake induced soil 
liquefaction. The manifestation of widespread liquefaction was observed to result in 
substantial damage to urban infrastructure as witnessed in Niigata (1964) [15], San Francisco 
(1989) [16], and Christchurch (2011) [17]. Analysing the interactions between pore water and 
the soil skeleton under dynamic conditions thus becomes paramount in mitigating the effects 
of soil liquefaction on critical facilities. This ultimately translates to an enhanced 
understanding of earthquake induced loads on engineering structures [18]. 
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1.3 Motivation and Objectives 
 
As previously established, there exists a growing need for the characterisation of the dynamic 
behaviour of partially saturated porous media under high strain rates. This establishes the 
general framework outlining the motivations of this dissertation: 
• An improved fundamental understanding on the high strain rate response of partially 
saturated porous media is required via the implementation of systematic experimental 
analyses. 
• Multi-scale, multi-phase constitutive mechanical models must be developed to 
advance the predictive capabilities of numerical procedures on the high strain rate 
response of partially saturated porous media. 
This dissertation aims to address the experimental component to which the overarching 
objective is encapsulated by the following statement: 
 
To experimentally determine the high strain rate response of partially saturated 
porous media for the development and calibration of multi-scale, multi-phase 
constitutive mechanical models. 
 
To satisfy this objective, the split Hopkinson pressure bar is implemented for the 
observation of stress-strain relations, energy absorption characteristics, and extent of grain 
crushing. The sensitivity of the overall specimen response to the following parameters is 
quantified: 
• Strain rate 
• Degree of saturation 
• Initial dry density 
• Particle grading 
• Particle shape 
• Lateral confinement environment 
 
1.4 Thesis Overview 
 
A well-structured and systematic approach must be implemented to address the objectives of 
this study. This dissertation contains five main parts to which a high-level overview of the 
chapters forming each part is presented. 
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1.4.1 Part I – Background and Significance 
 
Chapter one introduces the topic and establishes the significance of the problem 
necessitating further quantification. A brief overview is given contextualising the parameters 
of this study in terms of the primary objectives of this dissertation. 
1.4.2 Part II –Existing Knowledge and Contemporary Practices 
 
Chapter two presents a general overview regarding the mechanics of the testing apparatus. 
The aim is to present a holistic account of the split Hopkinson pressure bar, encapsulating 
both general applications and specific considerations relevant to the assessment of porous 
media. Derivations of fundamental relations are explored along with techniques aimed at 
enhancing the validity of results extracted in the current context. This effectively allows 
familiarity to be achieved with the overall experimental environment while targeting the 
uniqueness of the proposed problem. 
Chapter three explores the extent of current knowledge regarding the dynamic response of 
porous media as examined via the split Hopkinson pressure bar. This enables the 
identification of potential trends and provides insight into both well established and 
potentially controversial conclusions drawn throughout literature. Gaps in knowledge and 
areas requiring further attention can therefore be identified and systematically targeted. 
1.4.3 Part III – Testing Methodology and Experimental Techniques 
 
Chapter four explains the experimental methodology and techniques adopted for the 
extraction of data from Hopkinson bar testing pertinent to this research. A description of the 
materials under consideration is presented along with an overview of the testing apparatus 
and equipment adopted. Techniques utilised in the preparation of all samples are highlighted 
in addition to explanations justifying the specimen geometry selected. Equations used in the 
calculation of response parameters are also briefly summarised. 
Chapter five explicates the procedure implemented for purposes of data processing unique 
to the experimental configuration. Referred here as wave collation, the technique is explored 
first in terms of its theoretical derivation, and then followed by experimental and numerical 
validation to confirm its veracity in the given context. The general applicability of the 
introduced method in wider testing is also discussed. 
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1.4.4 Part IV – Parameterisation and Discussion of Experimental Findings 
 
Chapter six parameterises the dynamic response of materials examined via the SHPB. 
Experimental results are presented and discussed to holistically assess the influence of 
various factors on the high strain rate response of porous media. Parameters consisting of 
saturation, strain rate, particle geometry, particle gradation, initial dry density, and 
confinement environment are subsequently evaluated in terms of their contribution to the 
stress-strain behaviour, energy absorption, and grain crushing of partially saturated 
specimens. 
Chapter seven introduces empirical relations derived from experimental data to model the 
uniaxial high strain rate response of partially saturated porous media. Equations are 
developed to predict the uniaxial compressive stress-strain behaviour of Sydney sand at any 
given initial dry density and saturation. Empirical relations pertaining to the uniaxial stress-
strain response of glass beads as a function of saturation are also proposed for the initial dry 
density considered. 
1.4.5 Part V – Conclusions and Recommendations 
 
Chapter eight concludes the study by summarising all key findings obtained throughout this 
research. Recommendations for future work are also suggested. 
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EXISTING KNOWLEDGE AND 
CONTEMPORARY PRACTICES 
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CHAPTER TWO: A Critical Overview of the Split Hopkinson Pressure Bar 
 
A CRITICAL OVERVIEW OF THE SPLIT HOPKINSON 
PRESSURE BAR 
 
The high strain rate testing of porous media may be conducted in accordance with a range of 
experimental methodologies. Essentially, this involves subjecting a granular mass to an 
impact force which results in the propagation of compressive, shear, and/or Rayleigh stress 
waves within the specimen [19]. Currently, there exist four experimental categories under 
which methods have been devised for the dynamic characterisation of porous systems such 
as sand and other granular materials under high and low strain rate regimes [19]: 
• Uniaxial confined compression (oedometer) 
• Triaxial compression 
• Wave shock experiments 
• Split Hopkinson pressure bar experiments 
For this project, the split Hopkinson pressure bar (SHPB) is implemented to evaluate the 
high strain rate behaviour of porous media. The SHPB is one of the most common devices 
used for the dynamic response characterisation of various engineering materials under high 
strain rate loading conditions [20]. From its initial conceptualisation, the device has 
undergone decades of improvement and modification, facilitating the extraction of material 
properties at strain rates up to 120,000 s-1 [21]. A brief history is first presented accounting 
for the evolution of the SHPB with its most prominent contributors acknowledged. 
Subsequently, theorems behind the modern SHPB are explored such as the derivation of 
fundamental relations pertinent to obtaining the stress-strain response of tested samples. 
Further discussions focus upon methods commonly adopted for improving the quality of 
extracted data (especially in the context of porous media) and satisfying experimental 
assumptions for valid results.  
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2.1 Development of the Split Hopkinson Pressure Bar 
 
The original idea ultimately leading to the modern SHPB was conceptualised by Hopkinson 
[22] as a means of determining pressure-time relations for an impact generated by a projectile 
or explosive. Hopkinson’s device consisted of a long steel rod with one end in contact with a 
steel billet attached to the rod via a thin film of grease. A subsequent impact force acting on 
the free end of the steel rod would produce a compressive wave travelling towards the billet 
at the other end. The resulting reflected tensile wave would cause the billet to fly towards a 
ballistic pendulum, allowing its momentum to be quantified. The idea was to approximate 
pressure-time relations of the impact through implementing tests on billets of differing 
lengths. 
Hopkinson’s original apparatus (Figure 2.1), although innovative, suffers from several 
drawbacks. The equipment was unable to capture the complete stress history of a sample as 
only approximate representations of the stress-time curve can be derived. In addition, the use 
of grease in attaching the billet to the steel bar introduces unknown variables, the effects of 
which cannot be explained by Hopkinson. The validity of experimental results was also 
dependent upon satisfying the assumption of uniform stress distribution across the rod 
cross-section, and that the stress wave propagates without dispersion.  
 
Figure 2.1: Configuration of Hopkinson’s original apparatus (extracted from [22]). 
In response, Davis [23] set out to improve upon Hopkinson’s original device and conducted 
extensive experiments to investigate the veracity of its associated assumptions. By 
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incorporating parallel plate and cylindrical condensers, the radial and axial strain histories of 
the rod can be extracted. This effectively acts in eliminating the billet and grease from the 
experimental setup. Furthermore, as the pressure bar displacement may now be electronically 
captured, a full stress history curve of the applied compressive pulse can be determined. 
Hopkinson’s assumptions were also experimentally assessed via the measurement of surface 
displacements in conjunction with the equations of axial vibration along an infinitely long 
rod defined by Pochhammer [24] and Chree [25]. Davis [23] subsequently quantified the 
effects of wave dispersion and also confirmed that the assumption of uniform stress is 
indeed valid.  
It is evident that multiple advances have been made since Hopkinson’s original paper in 1913 
pertaining to both experimental design and theoretical basis. The culmination of such efforts 
ultimately resulted in the development of the modern split Hopkinson pressure bar by 
Kolsky [26]. Kolsky devised a method of indirectly computing the stresses and strains in a 
material specimen by adding a second rod. The specimen is placed between two pressure 
bars (often referred to as the incident and transmitted bars) for which a striker bar impacting 
the free end of the incident bar will cause a compressive pressure wave to travel towards the 
specimen. The impedance mismatch between the material sample and pressure bar would 
thus result in a reflected tensile wave in the incident bar, along with a compressive wave 
travelling through the specimen and into the transmitted bar [27]. Strain histories measured 
on the two pressure bars via condensers subsequently allows for the indirect calculation of 
the strain rate and stress-strain relations within the specimen. 
2.2 Derivation of Fundamental Relations for the Split Hopkinson Pressure Bar 
 
The dynamic behaviour of materials for engineering applications is typically characterised 
through their stress-strain relations. Understanding the theoretical nature of wave 
propagation along a cylindrical rod is paramount to establishing such relationships in the 
context of the SHPB. After discussions pertaining to derivation of the fundamental equation 
of motion, the formulations of stress and strain histories within a specimen will be explored 
in detail to achieve familiarity with the theoretical background behind the SHPB. 
2.2.1 Equation of Motion 
 
The fundamental equation of motion governing the response of axial vibrations along a 
uniform bar forms the basis of the theory behind SHPB operations. An infinitesimal 
   
13 
 
segment of a pressure bar is represented in Figure 2.2 with cross sectional area 𝐴  and 
segment length 𝑑𝑥. The segment is subjected to axial tension attributed to forces 𝐹1 and 𝐹2. 
 
Figure 2.2: Infinitesimal segment of pressure bar subject to axial tension. 
As the incident and transmitted bars are expected to remain elastic, Hooke’s law relating 
stresses to strains through modulus of elasticity 𝐸 of the bars is applicable: 
 
𝐹𝑥 = 𝐴𝑝 = 𝐴𝐸𝜀𝑥 = 𝐴𝐸
𝜕𝑢
𝜕𝑥
 (2.1) 
with 𝜀𝑥  representing the longitudinal strain in the pressure bar (taken as positive in 
contraction), also presented in differential form as 
𝜕𝑢
𝜕𝑥
. The forces act on the bar segment in 
tension as per Figure 2.3. 
 
Figure 2.3: Consideration of forces acting on infinitesimal segment of pressure bar subject to axial tension. 
The forces are subsequently collated per Newton’s second law: 
 
𝐹 = 𝑚
𝑑2𝑥
𝑑𝑡2
 (2.2) 
Giving rise to: 
 
−𝐴𝐸
𝜕𝑢1
𝜕𝑥
+ 𝐴𝐸
𝜕𝑢2
𝜕𝑥
= 𝜌𝐴𝑑𝑥
𝜕2𝑢
𝜕𝑡2
 (2.3) 
with 𝜌 as the bar density and 𝜌𝐴𝑑𝑥 forming the mass of the infinitesimal bar element. The 
above equation of motion for the pressure inside the bars may be rewritten as follows: 
𝐹1 𝐹2 
𝑑𝑥 
A 
A 
Section A-A 
Area = 𝐴 
𝑑𝑥 
𝐹1 = 𝐴𝐸
𝜕𝑢1
𝜕𝑥
 𝐹2 = 𝐴𝐸
𝜕𝑢2
𝜕𝑥
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 𝐸
𝜌
(
𝜕𝑢2
𝜕𝑥
−
𝜕𝑢1
𝜕𝑥
) =
𝜕2𝑢
𝜕𝑡2
𝑑𝑥 = 𝐶𝑜
2 (
𝜕𝑢2
𝜕𝑥
−
𝜕𝑢1
𝜕𝑥
) (2.4) 
where 𝐶𝑜 is the bar wave velocity as given by: 
 
𝐶𝑜 = √
𝐸
𝜌
 (2.5) 
The displacements on both sides of the infinitesimal bar element are related as follows: 
 
𝑢2 − 𝑢1 =
𝜕𝑢
𝜕𝑥
𝑑𝑥 (2.6) 
Which gives the following derivative: 
 𝜕𝑢2
𝜕𝑥
−
𝜕𝑢1
𝜕𝑥
=
𝜕2𝑢
𝜕𝑥2
𝑑𝑥 (2.7) 
The equation of motion governing longitudinal vibration in a uniform bar is therefore: 
 𝜕2𝑢
𝜕𝑡2
= 𝐶𝑜
2
𝜕2𝑢
𝜕𝑥2
 (2.8) 
This equation forms the basis in determining stress and strain relations for a specimen in 
SHPB testing. 
2.2.2 Determination of Specimen Stress History 
 
Consider a specimen placed in between the incident and transmitted pressure bars as per 
Figure 2.4. Note that this configuration assumes the incident and transmitted bars are 
identical in area and material composition with 𝜌, 𝐸, and 𝐴 representing the mass density, 
modulus of elasticity, and cross sectional area respectively. The specimen exhibits a cross 
sectional area 𝐴𝑠 . A strain gauge placed on the incident bar is designed to capture the 
incident, 𝜀𝑖(𝑡), and reflected strain histories, 𝜀𝑟(𝑡), of the bar. Similarly, the transmitted 
strain history, 𝜀𝑡(𝑡), is quantified by the strain gauge attached to the transmitted bar. 
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Figure 2.4: Mechanical property designations for the pressure bars and specimen. 
For force equilibrium at the incident bar/specimen interface (interface 1), the following must 
hold true: 
 𝜎1(𝑡)𝐴𝑠 = 𝐴𝐸[𝜀𝑖(𝑡) + 𝜀𝑟(𝑡)] 
∴ 𝜎1(𝑡) =
𝐴
𝐴𝑠
𝐸[𝜀𝑖(𝑡) + 𝜀𝑟(𝑡)] 
(2.9) 
where 𝜎1(𝑡)  denotes the specimen stress history at interface 1. Likewise, for force 
equilibrium at the specimen/transmitted bar interface (interface 2): 
 𝜎2(𝑡)𝐴𝑠 = 𝐴𝐸[𝜀𝑡(𝑡)] 
∴ 𝜎2(𝑡) =
𝐴
𝐴𝑠
𝐸[𝜀𝑡(𝑡)] 
(2.10) 
where 𝜎2(𝑡) denotes the specimen stress history at interface 2. Hence, the overall specimen 
stress history, 𝜎𝑠(𝑡), may be computed as the average of the stress histories at interfaces 1 
and 2: 
 
𝜎𝑠(𝑡) =
𝐴
2𝐴𝑠
𝐸[𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)] (2.11) 
For the SHPB testing regime to be valid, the specimen must deform uniformly. Thus, the 
strains in the incident and transmitted bars are expected to be equal: 
 𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) = 𝜀𝑡(𝑡) (2.12) 
The overall specimen stress history may therefore be simplified such that the average stress is 
a function of only the recorded transmitted strain history: 
 
𝜎𝑠(𝑡) =
𝐴
𝐴𝑠
𝐸𝜀𝑡(𝑡) (2.13) 
Incident Bar 
𝜌, 𝐸, 𝐴, 𝜀𝑖(𝑡), 𝜀𝑟(𝑡) 
Transmitted Bar 
𝜌, 𝐸, 𝐴, 𝜀𝑡(𝑡) 
 
Specimen 
𝐴𝑠, 𝜎1(𝑡), 𝜎2(𝑡) 
 
Interface 1 Interface 2 
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2.2.3 Determination of Specimen Strain History 
 
The strain history within the specimen must be determined to characterise the familiar stress-
strain relationship governing the response of any material studied via the SHPB. In order to 
derive the strains within the sample, the rate of strain must first be established. For any 
material, this is given as the difference in velocities at the ends of a fixed distance divided by 
the distance at which the velocities have been taken. In the context of the SHPB, the strain 
rate of the specimen as presented by Felice, Gaffney et al. [27] is: 
 
𝜀?̇? =
𝑣1 − 𝑣2
𝑙𝑠
=
𝑣𝑖 + 𝑣𝑟 − 𝑣𝑡
𝑙𝑠
 (2.14) 
where 𝑣2 and 𝑣1 are the velocities at interfaces 2 and 1 respectively (Figure 2.4) and 𝑙𝑠 is the 
initial specimen length. 𝑣𝑖, 𝑣𝑟, and 𝑣𝑡 refers to the particle velocity of the incident, reflected, 
and transmitted pulse respectively. The velocities are characterised by considering the 
equation of motion governing the response of axial pressure wave propagation in a uniform 
bar. The double derivative of the displacement 𝑢 with respect to time 𝑡 may be rewritten in 
terms of the particle velocity 𝑣(𝑥, 𝑡) as such: 
 𝜕2𝑢
𝜕𝑡2
=
𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
 (2.15) 
Similarly, the stress history 𝑝(𝑥, 𝑡) within the infinitesimal bar segment is given in terms of 
the strain: 
 
𝑝(𝑥, 𝑡) = 𝐸
𝜕𝑢
𝜕𝑥
 
∴
𝜕𝑝(𝑥, 𝑡)
𝜕𝑥
= 𝐸
𝜕2𝑢
𝜕𝑥2
 
(2.16) 
The equation of motion then becomes: 
 𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
=
𝐶𝑜
2
𝐸
𝜕𝑝(𝑥, 𝑡)
𝜕𝑥
 (2.17) 
Which can be simplified to: 
 
𝜌
𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
=
𝜕𝑝(𝑥, 𝑡)
𝜕𝑥
 (2.18) 
The stress in the bar is to take the time harmonic form [28]: 
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 𝑝(𝑥, 𝑡) = 𝑃𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.19) 
where 𝑃 is the stress amplitude, 𝜔 is the frequency, and 𝑘 =
𝜔
𝐶𝑜
. Subsequently deriving the 
bar pressure gives: 
 𝜕𝑝(𝑥, 𝑡)
𝜕𝑥
= 𝑖𝑘𝑃𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.20) 
Therefore: 
 
𝜌
𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
= 𝑖𝑘𝑃𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.21) 
Similarly representing the particle velocity in the harmonic form: 
 𝑣(𝑥, 𝑡) = 𝑉𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.22) 
where 𝑉 is the velocity amplitude. Subsequent differentiation of the velocity with respect to 
time gives: 
 𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
= −𝑖𝜔𝑉𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.23) 
Hence: 
 −𝜌𝑖𝜔𝑉𝑒𝑖(𝑘𝑥−𝜔𝑡) = 𝑖𝑘𝑃𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.24) 
This is simplified to: 
 −𝜌𝜔𝑣(𝑥, 𝑡) = 𝑘𝑝(𝑥, 𝑡) (2.25) 
Rearranging in terms of velocity: 
 
𝑣(𝑥, 𝑡) = −
𝑘
𝜌𝜔
𝑝(𝑥, 𝑡) 
∴ 𝑣(𝑥, 𝑡) = −
1
𝜌𝐶𝑜
𝑝(𝑥, 𝑡) 
(2.26) 
where 𝜌𝐶𝑜 is commonly referred to as the acoustic impedance. The bar stress may further be 
expressed as a function of bar strain: 
 𝑝(𝑥, 𝑡) = 𝐸𝜀(𝑥, 𝑡) = 𝐶𝑜
2𝜌𝜀(𝑥, 𝑡) (2.27) 
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where 𝐸 = 𝐶𝑜
2𝜌 . Note that as uniform deformations are assumed to occur across the 
specimen, the strains will be constant at all locations on the specimen: 
 𝜀(𝑥, 𝑡) = 𝜀(𝑡) (2.28) 
Hence, the velocity takes the form: 
 𝑣(𝑡) = −𝐶𝑜𝜀(𝑡) (2.29) 
Incorporation into the strain rate equation gives rise to the following: 
 
𝜀?̇?(𝑡) =
𝑣𝑖 + 𝑣𝑟 − 𝑣𝑡
𝑙𝑠
=
−𝐶𝑜𝜀𝑖(𝑡) + 𝐶𝑜𝜀𝑟(𝑡) + 𝐶𝑜𝜀𝑡(𝑡)
𝑙𝑠
=
𝐶𝑜[−𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)]
𝑙𝑠
 
(2.30) 
Note that the reflected velocity 𝑣𝑟  is given as −𝑣𝑟(𝑡)  due to the wave travelling in the 
opposite direction (from the incident bar/specimen interface back into the incident bar). In 
satisfying the uniform specimen deformation assumption, the following relation must hold: 
 𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) = 𝜀𝑡(𝑡) (2.31) 
The strain rate of the specimen is therefore simplified to: 
 
𝜀?̇?(𝑡) =
2𝐶𝑜
𝑙𝑠
𝜀𝑟(𝑡) (2.32) 
Simply integrating the rate of specimen strain with respect to time gives the sample strain: 
 
𝜀𝑠(𝑡) =
2𝐶𝑜
𝑙𝑠
∫𝜀𝑟(𝑡)𝑑𝑡
𝑡
0
 (2.33) 
which indicates that the specimen strain can be derived with only the reflected strain history. 
2.3 Consideration of Confinement Effects in the Split Hopkinson Pressure Bar 
 
The testing of porous media such as sand via the SHPB typically involves placing specimens 
within a containment tube. Hence, it is often desired to determine the confinement stress 
history if the dynamic sensitivity of the specimen to lateral confinement is to be explored. 
Traditionally, the response of sand under SHPB tests are usually performed by placing 
specimens within hardened steel containers, resulting in near uniaxial compressive behaviour 
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with negligible lateral strain [19]. However, the use of more flexible cylinder materials such as 
polycarbonate and polyolefin may result in a softening response as the specimen experiences 
substantial lateral deformations [29].  
The influence of friction between the confining tube and specimen need also be considered 
prior to SHPB testing. It has been shown that neglecting such effects may distort the 
dynamic response of porous media being tested, giving rise to potentially misleading stress-
strain relations [30]. Various techniques are therefore proposed to minimise the effects of 
friction such as the introduction of lubricants and the careful calibration of specimen 
geometry. 
2.3.1 Determination of Confinement Characteristics 
 
Understanding the nature of specimen confinement in the context of SHPB testing is of 
paramount importance as its rigidity potentially affects the inherent behaviour of granular 
materials [19, 29, 31]. This rigidity is often controlled via the fabrication of confinement 
cylinders of varying thickness and/or using materials exhibiting differing moduli of elasticity. 
The compressive stiffness of porous media is therefore expected to increase with increasing 
rigidity due to greater confinement pressures imparted by the sleeve. On the other hand, 
plastic behaviour accompanied with the onset of shear failure may ensue for samples 
contained within less rigid chambers [19]. It is therefore necessary to capture radial and 
circumferential stress-strain relations of the confining cylinder in order to quantify the 
relationship between confinement rigidity and the overall specimen response. 
 
Figure 2.5: Designation of radial confinement pressures on a specimen. 
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The quantification of confining pressures pertinent to SHPB applications feature 
prominently throughout literature [31-35]. Assuming that a hollow confinement cylinder 
remains elastic, the respective radial (𝜎𝑟𝑟) and circumferential stress (𝜎𝜃𝜃) at any given radial 
location is presented by Timoshenko and Goodier [36] as follows: 
 
𝜎𝑟𝑟 =
𝑎2𝑏2(𝑝𝑜 − 𝑝𝑖)
𝑏2 − 𝑎2
1
𝑟2
+
𝑝𝑖𝑎
2 − 𝑝𝑜𝑏
2
𝑏2 − 𝑎2
 (2.34) 
 
𝜎𝜃𝜃 = −
𝑎2𝑏2(𝑝𝑜 − 𝑝𝑖)
𝑏2 − 𝑎2
1
𝑟2
+
𝑝𝑖𝑎
2 − 𝑝𝑜𝑏
2
𝑏2 − 𝑎2
 (2.35) 
where 𝑎  and 𝑏  respectively denotes the inner and outer radius of the tube and 𝑟  is the 
distance from the cylinder centroid. The internal and external positive radial pressures are 
represented via 𝑝𝑖  and 𝑝𝑜  respectively (Figure 2.5). While the above equations depict a 
general case regarding cylindrical confinement, when implemented in the context of the 
SHPB, the external pressure 𝑝𝑜 is set to zero and Equations (2.34) and (2.35) are simplified 
to: 
 
𝜎𝑟𝑟 =
𝑎2𝑝𝑖
𝑏2 − 𝑎2
(1 −
𝑏2
𝑟2
) (2.36) 
 
𝜎𝜃𝜃 =
𝑎2𝑝𝑖
𝑏2 − 𝑎2
(1 +
𝑏2
𝑟2
) (2.37) 
The circumferential strains are generally measured by strain gauges attached to the surface of 
the confinement tube where 𝑟 = 𝑏 . The relationship between circumferential stress and 
strain for plane stress is defined as follows: 
 𝐸𝑐𝜀𝜃𝜃 = 𝜎𝜃𝜃 − 𝜈𝑐𝜎𝑟𝑟 (2.38) 
where 𝐸𝑐  and 𝜐𝑐  denotes the modulus of elasticity and Poisson’s ratio of the cylinder 
respectively. Note that 𝜎𝑟𝑟 = 0  for circumferential strains (𝜀𝜃𝜃 ) measured on the outer 
surface of the cylinder wall. Hence: 
 
𝜀𝜃𝜃 =
1
𝐸𝑐
𝜎𝜃𝜃 =
2𝑝𝑖
𝐸𝑐
𝑎2
𝑏2 − 𝑎2
 (2.39) 
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The internal radial confinement pressure may therefore be simplified into: 
 𝑝𝑖 = 0.5(𝛼
2 − 1)𝐸𝑐𝜀𝜃𝜃 (2.40) 
where 𝛼 is the ratio of the outer to inner diameter of the confining cylinder. The radial and 
circumferential stresses in the inner wall of the tube can therefore be computed by setting 
𝑟 = 𝑎 and substituting the equation for 𝑝𝑖: 
 
𝜎𝑟𝑟
𝑖 =
𝑎2
𝑏2 − 𝑎2
(1 −
𝑏2
𝑎2
) [0.5(𝛼2 − 1)𝐸𝑐𝜀𝜃𝜃] = 0.5𝐸𝑐𝜀𝜃𝜃(1 − 𝛼
2) (2.41) 
 
𝜎𝜃𝜃
𝑖 =
𝑎2
𝑏2 − 𝑎2
(1 +
𝑏2
𝑎2
) [0.5(𝛼2 − 1)𝐸𝑐𝜀𝜃𝜃] = 0.5𝐸𝑐𝜀𝜃𝜃(1 + 𝛼
2) (2.42) 
Therefore, as expected: 
 −𝜎𝑟𝑟
𝑖 = 𝑝𝑖 (2.43) 
Subsequently, the isotropic stress corresponding to the hydrostatic pressure in the specimen 
can be determined by evaluating the axial and radial stress history [35]: 
 
𝜎𝑚 =
1
3
(𝜎𝑠 + 2𝑝𝑖) (2.44) 
where 𝜎𝑠  refers to the longitudinal stress in the sample. For axisymmetric homogeneous 
deformation, the radial strain of the specimen is equal to the circumferential strain and can 
be determined through Hooke’s law for plane stress: 
 
𝜀𝑟𝑟
𝑖 = 𝜀𝜃𝜃
𝑖 =
1
𝐸𝑐
(𝜎𝜃𝜃
𝑖 − 𝜈𝑐𝜎𝑟𝑟
𝑖 ) = 0.5𝜀𝜃𝜃[1 − 𝜈𝑐 + (1 + 𝜈𝑐)𝛼
2] (2.45) 
Capturing confinement characteristics subsequently allows for the computation of shear 
stress and strains within the specimen [32]: 
 𝜏𝑒 = 0.5(𝜎𝑠 − 𝑝𝑖) (2.46) 
 𝛾𝑒 = (𝜀𝑠 − 𝜀𝑟𝑟
𝑖 ) (2.47) 
where 𝜏𝑒 denotes the shear stress on any plane inclined at 45o to the longitudinal axis and 𝛾𝑒 
indicates the shear strain corresponding to the shear stress. 𝜀𝑠 refers to the longitudinal strain 
of the specimen. 
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2.3.2 Accounting for Frictional Effects 
 
The presence of specimen confinement via a cylindrical sleeve may potentially introduce 
undesirable frictional effects as the sample is axially deformed during SHPB testing. This 
friction predominately arises from interactions between the specimen and inner wall of the 
tube and the ends of the pressure bars which can distort the sample response. It is therefore 
critical to evaluate the extent to which friction affects the overall specimen response in 
addition to methods commonly adopted to ameliorate such effects. 
Numerical analyses performed by Bazhenov, Bargov et al. [37] were adopted to simulate the 
dynamic testing of confined soft soils via the SHPB in order to investigate the effects of 
friction. Mathematical simulations of the shock-wave deformation were performed via a 
variational-difference method as applicable to dynamic relations for elastoplastic media.  
Surprisingly, it was concluded that friction between the specimen and the inner surface of the 
confinement tube and pressure bars did not noticeably influence the overall measured 
characteristics of the soil. However, this view that friction is negligible in impacting the 
measured dynamic response of porous media is not universal. Bragov, Kotov et al. [30] 
specifically investigated the influence of friction on the stress-strain response of soft soils 
and concluded that neglecting such effects will result in an overestimation of the stiffness 
when confined with steel. It was suggested that lubrication be applied about the inner surface 
of confinement cylinders to minimise friction. The application of lubricant is also 
recommended by Song, Chen et al. [29] prior to SHPB testing. 
Analytical work by Bertholf and Karnes [38] further confirmed that friction does indeed 
influence the stress-strain behaviour of materials when examined using the SHPB. 
Complimentary to experimental results from Bragov, Kotov et al. [30], it was numerically 
shown that friction between the pressure bars and specimen acts to increase the recorded 
stress for a given value of strain. Evidently, the application of lubricant is recommended and 
it was also suggested that frictional effects can be reduced by adopting a sample length to 
diameter ratio of approximately 0.5, a view held also by Davies and Hunter [39]. This notion 
is challenged however through experimental testing on sands by Felice, Gaffney et al. [27]. It 
was stated that in the context of porous media such as soils, maintaining an aspect ratio of 
0.5 is overly restrictive. By conducting SHPB experiments on sand samples of differing 
lengths, Felice, Gaffney et al. [27] subsequently proved that aspect ratios as low as 0.2 can be 
reliably implemented without severe repercussions from the effects of friction. 
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2.4 Satisfying Specimen Assumptions for Split Hopkinson Pressure Bar Testing 
 
While formulations adopted in the retrieval of material stress-strain relations from strain 
gauge histories are intrinsically simple, the equations operate under strict assumptions which 
must be satisfied for valid results. Perhaps the most critical involves the satisfaction of 
dynamic stress equilibrium and constant rate deformation within any given specimen. 
Additionally, due to the high strain rate nature of testing, the distortive effects of longitudinal 
and radial inertia need also be taken into account. The mitigation of significant dispersive 
effects within the pressure waves as they propagate through the bars must also be considered 
for the extraction of valid results. Methods designed to address such requirements primarily 
involve the modification of sample geometry and the tweaking of input load characteristics. 
Verification techniques need also be subsequently employed to check sample compliance 
against said assumptions. 
2.4.1 Ensuring Dynamic Stress Equilibrium and Constant Rate Deformation 
 
A sample tested via the SHPB must achieve dynamic stress equilibrium, where the stress 
histories on both faces of the sample are synchronised, and deform at a constant rate of 
longitudinal strain. The testing of porous media and many geological materials present 
further difficulties as their longitudinal wave speeds are typically much lower than that of 
most metals [34], with dry soils often exhibiting wave speeds less than 300 ms-1 [40]. Thus, 
without certain modifications to the basic testing regime, a sharp input pulse may never 
produce dynamic stress equilibrium within a soft sample. Techniques commonly employed 
to address such issues pertain to the careful management of specimen thickness and the 
alteration of input characteristics via pulse shaping. 
2.4.1.1 Specimen Geometry Considerations 
 
The specimen thickness must be closely managed in order to facilitate dynamic stress 
equilibrium in soft samples. Due to low wave speeds and nonlinear hysteretic behaviour, the 
use of large sample thicknesses will likely result in significant stress wave attenuation with a 
corresponding reduction in specimen strength for a given strain rate [40]. Felice, Gaffney et al. 
[27] recommend adopting specimen length to diameter aspect ratios of less than 0.2 for the 
dynamic examination of soils. High-speed camera footage on the SHPB testing of sands 
examined by Kabir, Song et al. [34] also revealed that thinner specimens are more likely to 
deform at a constant rate of strain. However, specimens must not be unfeasibly thin as to 
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compromise their homogenous nature. Hence, in the context of porous media such as sands, 
drastically reducing the sample thickness may not be an appropriate solution. A balance must 
therefore be achieved between facilitating dynamic stress equilibrium and maintaining 
material homogeneity.  
2.4.1.2 Dynamic Stress Equilibrium via Pulse Shaping 
 
A complementary solution to address equilibrium while promoting constant rate 
deformation in the specimen involves modification of the input pulse. Due to slow wave 
speeds of geologic and porous materials, a slower rising incident pulse is desired to acquire 
stress equilibrium and a constant rate of strain [34]. The length of the input pulse should 
ideally be greater than ten transit times of the specimen for dynamic equilibrium [41]. 
Increasing the pulse rise time thus enables stress gradients to diminish by allowing several 
wave reflections to occur within the sample by the time the stress applied reaches its 
maximum peak [19]. 
For this purpose, a pulse shaper is commonly adopted which consists of a thin disk or plate 
placed on the impact end of the incident bar. Deformation of the shaper due to striker bar 
impact acts to increase the rise time of the incident loading pulse. Unfortunately, the exact 
selection of an ideal pulse shaping material and thickness for a given test specimen cannot be 
reliably computed and largely remains a product of trial and error. However, it is 
recommended that shapers are kept between 0.1 mm and 2 mm thick [42]. In terms of 
material choice, numerous types have been implemented throughout literature which include 
paper [43], Plexiglas [44], polymer [45], rubber [46], and copper [47]. This effectively enables 
the amplitude and duration of the incident compressive wave to be controlled by varying the 
geometry and properties of the shaper [7, 48]. 
Pulse shaping also acts in decreasing the time to reach dynamic stress equilibrium in a given 
sample. At the onset of loading, a sharply rising incident pulse will be generated in the 
absence of pulse shaping. Consequently, a stress plateau will form at the incident 
bar/specimen interface. This results in a mismatch of stress histories between the two ends 
of the specimen, giving rise to an initial state of sample non-equilibrium [40]. The effect of 
loading rate on the initial stages of equilibrium experienced by a specimen is quantified by 
Song and Chen [40]. The stress history on the front face of the sample in contact with the 
incident bar is presented as: 
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𝜎1(𝑡) = 2
𝐴
𝐴𝑠
𝜇
𝜑
(1 − 𝑒−𝜑𝑡) (2.48) 
where 
𝐴
𝐴𝑠
 is the cross-sectional area ratio between the bar and sample and 𝜇  depicts the 
loading rate of the stress pulse ramp. The parameter 𝜑 is defined as: 
 
𝜑 =
𝜌𝐶0𝐴
𝑚𝑠
 (2.49) 
in which 𝜌𝐶0 describes the acoustic impedance of the incident bar and 𝑚𝑠 is the specimen 
mass. Hence, for very small values of time 𝑡, the stress at the initiation of loading is largely 
dependent on the loading rate 𝜇. Lower rates of loading as produced via a pulse shaper thus 
correspond to a reduced stress plateau at the incident bar/specimen interface, facilitating a 
better match with the stress history at the transmitted bar/specimen interface. This improved 
stress synchronicity between the two sample ends at the onset of loading thus decreases the 
time required for dynamic stress equilibrium to occur. 
The implementation of pulse shaping gives rise to the modified split Hopkinson pressure bar, 
as commonly referred throughout literature. By increasing the rise time of the incident pulse, 
dynamic stress equilibrium can be facilitated within the sample along with constant strain rate 
deformations. The inclusion of pulse shapers therefore becomes ideal for the SHPB testing 
of low wave velocity porous media and is almost universally adopted in the high strain rate 
analysis of sands and other geologic materials [7, 29, 31, 32, 47]. 
2.4.1.3 Validating Dynamic Stress Equilibrium 
 
It has been shown that reducing the length and implementing pulse shaping techniques can 
facilitate dynamic stress equilibrium and constant strain rate deformations in any given 
specimen. During the tuning process, it is important to consistently check if such conditions 
have been satisfied or if further modifications are necessary. 
A frequently used method to validate dynamic stress equilibrium involves the comparison 
between stress histories at the incident and transmitted ends of the sample. Commonly 
known as the “1-wave 2-wave” approach, the stress history of the incident and reflected 
waves at the specimen/incident bar interface are combined (2-wave) and compared with the 
stress history of the transmitted wave at the specimen/transmitted bar interface [42]. The 
sample can be considered to be in equilibrium if the two superimposed stress curves match 
   
26 
 
(Figure 2.6), allowing for the subsequent quantification of valid stress-strain relations. 
Additionally, simply extracting the strain history enables assessment of the specimen for 
constant rate deformations.  
 
Figure 2.6: Implementation of the 1-wave 2-wave technique to validate specimen dynamic stress 
equilibrium (extracted from [27]). 
2.4.2 Consideration of Inertial Effects 
 
The effects of longitudinal and radial inertia resulting from the rapid acceleration of particles 
as a result of high strain rate loading act to further complicate the selection of suitable 
specimen lengths. Radial inertia was investigated by Davies and Hunter [39] which observed 
that such effects tend to overestimate the sample stress. On the other hand, longitudinal 
inertia was seen to underestimate the overall stress. A correction for radial and longitudinal 
inertia was consequently proposed and is given by Bertholf and Karnes [38] as: 
 
𝜎𝑟(𝑡) = 𝜎𝑛(𝑡) − 𝜌𝑠𝜈𝑠
2
𝑑𝑠
2
8
𝑑2𝜀𝑠(𝑡)
𝑑𝑡2
 (2.50) 
 
𝜎𝑙(𝑡) = 𝜎𝑛(𝑡) + 𝜌𝑠
𝑙𝑠
2
6
𝑑2𝜀𝑠(𝑡)
𝑑𝑡2
 (2.51) 
where 𝜎𝑟(𝑡) and 𝜎𝑙(𝑡) denotes the sample stress after correcting for radial and longitudinal 
inertia respectively, and 𝜎𝑛(𝑡) is the measured stress history. 𝜌𝑠 is the specimen density, 𝑙𝑠 is 
the specimen length, 𝜈𝑠 is the sample Poisson’s ratio and 𝑑𝑠 is the specimen diameter. Hence, 
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the overall correction for longitudinal and radial inertia can be formed via combining the two 
equations: 
 
𝜎𝑠(𝑡) = 𝜎𝑛(𝑡) + 𝜌𝑠 (
𝑙𝑠
2
6
− 𝜈𝑠
2
𝑑𝑠
2
8
)
𝑑2𝜀𝑠(𝑡)
𝑑𝑡2
 (2.52) 
From this, inertial effects are minimised by equating the term inside the brackets to zero, 
giving rise to the following specimen length to diameter ratio: 
 𝑙𝑠
2
6
− 𝜈𝑠
2
𝑑𝑠
2
8
= 0 
∴
𝑙𝑠
𝑑𝑠
= √
3𝜈𝑠
2
4
= 0.87𝜈𝑠 
(2.53) 
As an example, sand with a Poisson’s ratio of approximately 0.3 was investigated by Martin 
[49] via the SHPB. The length to diameter ratio of test specimens to minimise the effects of 
inertia would therefore be 0.26. 
2.4.3 Consideration of Wave Dispersion in Pressure Bars 
 
As previously established, strain gauges are employed to indirectly capture the strain and 
strain rate histories of a specimen subjected to dynamic loading via the SHPB. A gauge 
positioned on the incident bar records the temporal strain properties of the incident and 
reflected pressure waves while the transmitted bar gauge captures the transmitted wave. In 
order for reliable measurements to quantified, such devices must be positioned an acceptable 
distance from the ends of each pressure bar to avoid the overlapping and superpositioning of 
wave trains [50]. Lindholm [51] recommends that the gauges be placed at a minimum 
distance equal to the length of the striker bar from the specimen ends of the incident and 
transmitted bars. 
As a consequence, since incident, reflected and transmitted pulses are not measured at the 
specimen/bar interface, the effects of dispersion complicate the extraction of true strain 
records at the interface zone from that recorded via the gauges [52]. Wave dispersion arise as 
a manifestation of the phase propagation velocity’s dependence on frequency. Exciting the 
incident bar via a pulse containing a wide spectrum of frequencies thus results in the lagging 
of high frequency components due to their lower velocity. This manifests as large amplitude 
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oscillations in the strain records which distorts the accuracy of any stress-strain relations 
produced [53]. 
2.4.3.1 Correcting for Dispersion via Pulse Shaping 
 
One technique aiding in the reduction of dispersion effects in SHPB analyses involves 
increasing the rise time of the incident pulse [54-56]. This decreases the frequency content of 
the incident pulse via filtering out high frequency components, resulting in waves with a 
narrower bandwidth which suffer less distortion [56]. Hence, the implementation of pulse 
shaping enables both the satisfaction of dynamic stress equilibrium and constant rate 
deformation (as discussed previously), while mitigating the effects of wave dispersion. 
Pulse shapers were adopted by Martin, Chen et al. [7] for the SHPB testing of dry and 
partially saturated sands at strain rates around 400 s-1. It was discovered that by attaching a 
disk of annealed copper 7.1 mm in diameter and 0.81 mm thick to the incident bar, the 
incident stress wave was able to traverse the bar free from high frequency components. Luo, 
Lu et al. [32] further confirmed the success of copper pulse shapers in removing unwanted 
dispersions for SHPB experiments on dry sand. Similarly, the characterisation of incident 
pulses in response to pulse shaping was performed by Nemat-Nasser, Issacs et al. [57]. SHPB 
experiments were conducted by incorporating a cushion manufactured from oxygen-free, 
high-purity copper (OFHC) 4.83 mm in diameter and 0.51 mm thick. It was consequently 
observed that dispersive oscillations were clearly absent from the measured incident strain 
time history. 
Frew, Forrestal et al. [55] further explored the concept of pulse shaping via SHPB tests on 
machineable glass ceramics adopting shapers of annealed copper with thicknesses ranging 
from 0.8 mm to 1.6 mm. As expected, wave dispersion did not appear to be a factor in terms 
of affecting the overall specimen stress history. Likewise, copper pulse shapers were 
successfully implemented for the high strain rate testing of RTV 630 silicone rubber by Song 
and Chen [40]. Such experimental results further emphasised the importance of pulse 
shaping in terms of facilitating dynamic stress equilibrium and mitigating dispersion for the 
reliable extraction of sample behaviour. 
2.4.3.2 Correcting for Dispersion via Fourier Transform 
 
The implementation of pulse shaping generally eliminates the need for additional numerical 
corrections of wave dispersion [58]. However, in its absence, strain gauge records may also 
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be ameliorated via directly correcting for dispersion effects through implementation of the 
Fast Fourier Transform (FFT) to strains in the time domain. Theoretical discussions 
regarding the use of FFTs and its various applications for dispersion correction in the 
context of SHPB testing feature prominently throughout literature [53, 59-62]. 
A relatively simplistic implementation of the Fourier series pertinent to SHPB testing is to 
consider only the fundamental mode of excitation within the pressure bar resulting from 
striker impact. Thus, the solution to the equation of motion for a sinusoidal wave in a bar of 
infinite length addressed by Pochhammer [24] and Chree [25] need only be considered for 
the first mode of vibration. The assumption that pressure waves generated by an impact exist 
predominately in the fundamental mode was examined by Davis [23], which subsequently 
confirmed its validity in the context of the SHPB. Further analyses from Hsieh and Kolsky 
[63], Follansbee and Frantz [53], and Gong, Malvern et al. [62] reinforced this notion. 
The correction of dispersion pertinent to first mode vibrations is conducted by transforming 
the excited pressure wave from the time domain (as recorded) into the frequency domain via 
FFT. As the Pochhammer-Chree solution indicates a dependence of propagation velocity on 
wavelength, a phase shift is introduced in the frequency domain encapsulating the variable 
nature of phase velocity with wavelength. The resulting function is finally converted back 
into the time domain for analysis. Follansbee and Frantz [53] depicts the Fourier transform 
of a general pressure wave function 𝑓(𝑡) as follows: 
 
𝑓(𝑡) =
𝐴0
2
+∑𝐷𝑛 cos(𝑛𝜔0𝑡 − 𝛿)
∞
𝑛=1
 (2.54) 
where 𝜔0 is the fundamental wave frequency and 𝛿 the phase angle as given by: 
 
𝛿 =
𝑛𝜔0𝑥
𝐶0
(
𝐶0
𝐶𝑛
− 1) (2.55) 
𝑥 describes the distance along the bar, 𝐶0 is the propagation velocity of infinitely long waves 
and 𝐶𝑛 being the velocity of frequency component 𝑛𝜔0. Additionally: 
 
𝐶𝑛 =
𝑛𝜔0Λ
2𝜋
 (2.56) 
where Λ is the wavelength of frequency 𝑛𝜔0 . In dimensionless form, the equation is as 
follows: 
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 𝑅𝑛𝜔0
𝐶0
= 2𝜋
𝐶𝑛
𝐶0
𝑅
Λ
 (2.57) 
where 𝑅 is the bar radius. Hence, the frequency dependent wave propagation velocity 𝐶𝑛 can 
be extracted from the mode 1 Pochhammer-Chree solution shown in Figure 2.7. 
 
Figure 2.7: Pochhammer-Chree solution of the first mode of vibration showing the relation between 
phase velocity and wavelength for a cylindrical rod for various Poisson ratios (extracted from [64]). 
The phase angle relation may subsequently be generalised to: 
 
𝛿 = 𝛿0 +
𝑛𝜔0Δ𝑥
𝐶0
(
𝐶0
𝐶𝑛
− 1) (2.58) 
where 𝛿0 and 𝛿 is the phase angle at 𝑥0 and 𝑥 = 𝑥0 + Δ𝑥 respectively. 
Henceforth, the process of adopting Fourier transforms incorporating phase shifts in the 
frequency domain to correct dispersive effects is critical for an accurate representation of the 
high strain rate behaviour of both metals and non-metals (Figure 2.8). In the absence of 
pulse shaping, the method is witnessed to greatly enhance the smoothness of stress-strain 
relations [53] and has been successfully applied in the non-pulse shaped SHPB testing of dry 
and partially saturated soils [27, 50, 65]. 
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Figure 2.8: Stress-strain relations for annealed iridium at 1500 s-1 with (a) and without (b) correction for 
dispersion (extracted from [53]). 
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CHAPTER THREE: Current Advances on the High Strain Rate Testing of Porous Media via the Split Hopkinson Pressure Bar 
 
CURRENT ADVANCES ON THE HIGH STRAIN RATE 
TESTING OF POROUS MEDIA VIA THE SPLIT 
HOPKINSON PRESSURE BAR 
 
Understanding the dynamic behaviour of porous media is critical for civil and military 
applications, ranging from mining and earthquake engineering [27] to blast analyses on 
underground structures [66, 67]. Subsequent integration of moisture into high rate tests 
therefore becomes necessary in order to mimic the condition of soils and sands as present in 
the field. However, the dynamic characterisation of porous and geo-materials present 
numerous difficulties due to unfavourable inherent properties. Low wave speeds, high 
acoustic energy attenuation, and lack of structural strength all act to complicate tests 
attempting to quantify the response of such materials at high strain rates [50]. This 
contributes to an absence of standardisation in the testing regime, resulting in a lack of 
experimental data pertinent to the dynamic response of porous media [30]. 
Despite such difficulties, numerous researchers have attempted to extract the behaviour of 
both dry and partially saturated porous media under high strain rate conditions via the SHPB. 
Testing predominately on poorly graded sands, the effects of lateral confinement, initial dry 
density, strain rate and level of saturation on the overall stress-strain response have been 
presented, albeit to a relatively limited extent, within literature. Further consideration is also 
given to exploring the quantification of grain crushing in the context of dry and partially 
saturated porous materials under high strain rate conditions. 
3.1 High Strain Rate Testing of Dry Porous Media via the Split Hopkinson Pressure 
Bar 
 
Before attempting to quantify the dynamic response of partially saturated porous media, it is 
important to first understand its behaviour under dry conditions. Dry specimens are 
inherently dual phase systems exhibiting solid and gas components. The influence of initial 
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density, lateral confinement, strain rate, and gradation on the stress-strain behaviour of dry 
sands via SHPB testing is subsequently explored and evaluated.  
3.1.1 Influence of Initial Density 
 
The influence of initial density on overall specimen stiffness in dry sands appears to be well 
established within literature. SHPB testing performed by Song, Chen et al. [29] and Kabir, 
Song et al. [34] on dry samples at densities of 1.50 x 103 kg/m3 and 1.62 x 103 kg/m3 under 
strain rates of approximately 500 s-1 indicates a 30% increase with stiffness with an 8% 
increase in initial dry density (Figure 3.1). Further analyses of dry sand at densities of 1.51 x 
103 kg/m3, 1.63 x 103 kg/m3 and 1.75 x 103 kg/m3 between strain rates of 610 s-1 and 675 s-1 
by Lu, Luo et al. [31] confirmed a stiffening of stress-strain response with increasing initial 
density at nearly uniaxial strain. Luo, Lu et al. [32] further quantified the increase of stiffness 
with dry density via SHPB testing on specimens spanning five densities ranging from 1.51 x 
103 kg/m3 to 1.75 x 103 kg/m3 (Figure 3.2) and proposing a power law for the resulting 
uniaxial stress-strain response as follows: 
 
𝜎𝑠(𝜀𝑠 , 𝜌𝑠) = (
𝜌𝑠
𝜌0
)
𝑛
𝜎𝑠(𝜀𝑠 , 𝜌0) (3.1) 
where 𝜌0  is a reference initial mass density taken as 1.51 x 103 kg/m3. 𝜎𝑠(𝜀𝑠, 𝜌𝑠)  and 
𝜎𝑠(𝜀𝑠 , 𝜌0) depicts the stress as a function of strain at initial densities 𝜌𝑠 and 𝜌0 respectively. 
The exponent 𝑛 providing the best fit to experimental data was calculated as 8.25. 
Thus, the effects of initial mass density on the stress-strain response of dry sands appear 
relatively consistent throughout literature [68]. The stiffness increase of such materials with 
increasing initial density can potentially be attributed to a reduction in gas porosity, hence 
facilitating a higher extent of inter-particle contact while behaving closer to a monolithic 
material.  
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Figure 3.1: Stress-strain response of dry sand at initial densities of 1.50 x 103 kg/m3 and 1.62 x 103 kg/m3 
(extracted from [29]). 
 
Figure 3.2: Stress-strain response of dry sand at initial densities between 1.51 x 103 kg/m3 and 1.75 x 103 
kg/m3 (extracted from [32]). 
3.1.2 Influence of Lateral Confinement 
 
In the context of SHPB experimentation, the testing of porous media such as sands are 
typically performed by placing the specimen within a confining cylinder. The level of 
confinement offered can be altered via changing the material, and hence stiffness, of the 
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cylinder. Softer confinements are observed to generate greater radial strains under axial load 
while promoting shear failure within the sample [19]. 
The implementation of confinement tubes composed of different materials and its effect on 
the stress-strain response of dry sand was investigated by Song, Chen et al. [29]. Sands were 
subjected to SHPB testing while placed within cylinders of steel, polycarbonate and 
polyolefin, all with an internal diameter of 19.05mm. It was observed that the stiffness of dry 
sand confined with steel is 20% greater than that confined with polycarbonate while the 
polyolefin tube produced a dramatic reduction in stress (Figure 3.3). In fact, the use of 
polyolefin resulted in virtually plastic behaviour of the sand, exhibiting very little changes in 
stress with increasing axial strain. 
Such trends are reinforced by similar tests investigating the influence of confinement on the 
dynamic response of dry sand. Lu, Luo et al. [31] provided confinement via cylindrical sleeves 
manufactured with polyvinyl chloride (PVC), polycarbonate (PC), aluminium, and steel, with 
respectively increasing rigidity, offering a maximum confinement pressure of 135 MPa. At 
strain rates ranging from 610 s-1 to 710 s-1, it was shown that increasing confinement 
generates higher specimen stiffness with sand in the steel tube producing the stiffest 
longitudinal stress-strain response and PVC exhibiting plastic behaviour (Figure 3.4). 
Work by Semblat, Luong et al. [69] and Kabir, Song et al. [34] further consolidates the notion 
that increasing levels of confinement acts to stiffen the dynamic stress-strain response of dry 
sands under SHPB testing. This is a result of mobilising increased frictional resistance 
between sand particles by amplifying the overall stress environment in the specimen [19]. On 
the contrary, a lack of confinement pressure will lead to a softening response as the sample 
can support less axial stress while progressing towards shear failure. 
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Figure 3.3: Dynamic stress-strain response of dry sand under various confining pressures (extracted from 
[29]). 
 
Figure 3.4: Dynamic stress-strain response of dry sand under various confining pressures (extracted from 
[31]). 
3.1.3 Influence of Strain Rate 
 
In stark contrast to the dynamic response of geo-materials such as concrete [70-72], the 
implementation of SHPB tests on dry sands generally do not appear to indicate stress-strain 
dependency with strain rate. Song, Chen et al. [29] investigated the response of dry sand 
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subjected to six rates of strain between 0.00085 s-1 and 1450 s-1 but found little impact of the 
strain rate on the overall specimen uniaxial stress-strain response (Figure 3.5). Kabir, Song et 
al. [34] reports similar results regarding the apparent independence of strain rate and dynamic 
stress-strain behaviour of dry sand. Further SHPB tests performed by Semblat, Luong et al. 
[69] on dry sand up to 1245 s-1 confirmed that the rate of strain does not appear to affect the 
overall specimen stress-strain response, even at strain rates exceeding 1000 s-1. Bragov, 
Lomunov et al. [35] extended the high strain rate testing of dry quartz sand confined in a 
rigid steel jacket beyond the SHPB via the inclusion of plate impact experiments. This 
allowed for applied pressures to exceed 3 GPa with specimens experiencing strains of more 
than 45%. It was identified that even at strain rates between 102 – 106 s-1 there was no 
apparent change in stress-strain behaviour in the sand specimens (Figure 3.6). This acts to 
further enforce the rate independent nature of dry sands. 
Although the nature for why such a trend (or rather, lack thereof) exists is not fundamentally 
clear, several theories have been proposed. Omidvar, Iskander et al. [19] suggests that sand 
particles tested within the SHPB after impact breakage interact in a similar manner regardless 
of the rate of strain experienced by the specimen. Additionally, it is proposed that the sizes 
of grains typically examined via the SHPB are too small to witness significant crushing 
effects hence being insensitive to strain rate. Finally, it is suggested that sand specimens 
tested may be too thin for the formation of shear bands hence limiting sample sensitivity to 
strain rate effects. 
 
Figure 3.5: Stress-strain response of dry sand under various strain rates from quasi-static and SHPB 
testing (extracted from [29]). 
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Figure 3.6: Combined stress-strain response of dry sand between strain rates of 102 – 106 s-1 via SHPB 
and shock impact experiments (extracted from [35]). 
3.1.4 Influence of Particle Gradation 
 
Most dynamic experiments pertaining to the high strain rate response of granular materials 
within literature have been conducted on uniformly graded specimens with little insight into 
the contribution of particle grading [73]. In response, the influence of gradation on the 
uniaxial behaviour of dry sands was investigated by Huang, Xu et al. [46] via SHPB testing 
with pulse shaping. Three arrangements of quartz sand of different sizes and gradation were 
considered. These consist of uniformly graded fine sand (FQS) where most particles fall 
between 0.1 and 0.5 mm, uniformly graded coarse sand (CQS) with particles between 1.0 and 
2.0 mm, and well graded sand (WGS) exhibiting grain sizes ranging from 0.05 to 2.0 mm. 
The initial dry density of samples was maintained at 1.40 x 103 kg/m3 and rates of strain 
considered extend from 400 s-1 to 1100 s-1. 
The stress-strain behaviour of the three types of quartz sand is revealed in Figure 3.7. It is 
demonstrated that fine grained sands are much stiffer than its coarse grained counterpart, 
whereas well graded materials are most compliant at low strains but exhibit the highest 
stiffness at higher pressures. Huang, Xu et al. [46] thus attribute this behaviour to the primary 
mechanisms of deformation experienced by the different materials under various stages of 
loading. At relatively low pressures, particle rearrangement governs the deformation of 
samples whereas grain crushing is typically attributed to higher pressures. Evidently, the 
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rearrangement of grains within well graded specimens is easily promoted at low strains in 
contrast with the difficult nature of particle breakage in uniformly graded sands. This 
therefore demonstrates the greater compliance of well graded materials at lower pressures. At 
high strains, particle crushing is more easily facilitated within uniformly graded specimens, 
hence signifying greater compliance within such samples relative to its well graded 
counterpart. 
 
Figure 3.7: Uniaxial stress-strain response of fine grained (FQS), coarse grained (CQS), and well graded 
(WGS) quartz sand under high strain rate loading via the SHPB (extracted from [46]). 
3.1.5 Summary 
 
The dynamic response of dry sands examined via SHPB testing enabled a consistent 
consensus to be achieved regarding its behaviour within literature. It was concluded that 
increasing the initial dry density and level of confinement generally stiffens the overall stress-
strain response. In addition, greater compliance was demonstrated in well graded materials at 
low strains, whereas uniformly graded sands tend to exhibit lower stiffness at higher 
pressures. However, the dynamic stress-strain response of such materials appears to be 
largely independent of the strain rate even at extremely high strains achieved via plate impact 
experiments. The reason for this behaviour is not yet clear, suggesting that further studies are 
required to explore this phenomenon in greater detail. 
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3.2 High Strain Rate Testing of Partially Saturated Porous Media via the Split 
Hopkinson Pressure Bar 
 
While dry porous media exhibit only two phases consisting of solid and gas, the presence of 
moisture introduces a third liquid phase into the system. The overall dynamic behaviour of 
partially saturated porous media thus involves the multiphase interaction between soil 
skeleton, pore water, pore air, and grain stiffness constituents [47]. Unlike their dry 
counterparts, only a relatively limited number of studies were undertaken in an attempt to 
understand the influence of such interactions on the stress-strain response of partially 
saturated porous media through experimental testing via the SHPB. The effects of moisture 
content and strain rate on the dynamic behaviour of partially saturated sands are 
subsequently explored and evaluated. 
3.2.1 Influence of Moisture Content 
 
Veyera [74] and Veyera and Ross [65] implemented SHPB tests on compacted sands 
exhibiting saturations ranging from 0% to 100% at strain rates of 1000 s-1 and 2000 s-1. The 
resulting uniaxial stress-strain response (Figure 3.8) was discovered to be highly influenced 
by the initial degree of saturation, with increasing saturation levels largely corresponding to a 
rise in material stiffness. Higher moisture contents thus parallel the occupation of more air 
voids by water, resulting in smaller axial strains required to initiate material lock-up. The 
commencement of lock-up essentially represents a fully saturated condition to which system 
behaviour beyond strains at this point is principally governed by the response of pore water. 
This is represented via a sharp increase in stiffness within the stress-strain curve with a slope 
similar to that of pure water subjected to high rate loads. Henceforth, it was concluded that 
the soil skeleton dominates the dynamic response of partially saturated sands up to the lock-
up strain for a given level of saturation, while the liquid phase governs stress-strain behaviour 
after lock-up. 
It should be noted that tests conducted by Veyera [74] and Veyera and Ross [65] act to 
mainly characterise the stress-strain response of partially saturated sand beyond the lock-up 
strain. Results at strains lesser than this remain unclear due to large data variations across 
multiple tests, necessitating the need for further examination. Attempts to characterise the 
response of partially saturated sands at strains lower than that required to initiate lock-up was 
undertaken by Martin, Chen et al. [7], Martin and Chen [47] and Kabir, Song et al. [34]. A 
maximum moisture content of 20% by weight was adopted with a SHPB strain rate of 
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approximately 400 s-1, the results of which are shown in Figure 3.9. At relatively low degrees 
of saturation, a softening response was observed with the lowest uniaxial stiffness at 7% 
moisture (corresponding to 25% saturation). As saturation is further increased however, the 
stress-strain response appears to largely stiffen, albeit never reaching the slope corresponding 
to that of dry sand even at 20% moisture by weight (70% saturation).  
Martin, Chen et al. [7], Martin and Chen [47] and Kabir, Song et al. [34] thus attribute the 
greater degree of compliance of sands at low moisture levels to the lubricating effect of pore 
water. It was proposed that the presence of water at low concentrations reduce inter-particle 
friction, thus decreasing localised shear stresses while facilitating smoother particle 
rearrangement. The apparent rebound in stiffness beyond 25% saturation was suggested as a 
result of pore water assuming a quantity of the applied load. Ultimately, it was concluded that 
the overall dynamic stress-strain behaviour of partially saturated sand involves the integration 
of particle translation, liquid lubrication, and degree of hydrostaticity present within the 
specimen. 
 
Figure 3.8: Dynamic stress-strain response of partially saturated sand under various degrees of saturation 
up to 100% (extracted from [74]). 
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Figure 3.9: Dynamic stress-strain response of partially saturated sand under various degrees of saturation 
up to 20% moisture by weight corresponding to 70% saturation (extracted from [7]). 
3.2.2 Influence of Strain Rate on Cohesionless Soils 
 
While there generally appears to be no strain rate dependence on the response of dry sands, 
strain rate effects on the dynamic behaviour of partially saturated porous media defined via 
the SHPB is poorly characterised and understood. Attempts by Veyera [74] and Veyera and 
Ross [65] to examine such relationships produced inconsistent results which failed to 
articulate any reliable correlation between strain rate and the overall stress-strain response of 
partially saturated sands up to 2000 s-1. Subsequent recommendations were proposed 
illustrating the necessity to explore in greater detail the effects of strain rate on the dynamic 
behaviour of partially saturated porous media. This failure in producing reliable results could 
potentially be linked to poor experimental methodology. Martin [49] argued that the 
omission of pulse shaping techniques by Veyera [74] and Veyera and Ross [65] resulted in a 
square loading pulse with an extremely short rise time. Hence, it was stated that the sand 
specimens may not have achieved constant strain rate deformations, compromising the 
accuracy and consistency of rate dependent stress-strain results. 
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In terms of granular materials, an attempt to gauge the influence of strain rate on the stress-
strain response may be undertaken via comparing SHPB results to the quasi-static response 
of partially saturated sands. Charlie, Ross et al. [67], Ross, Thompson et al. [41] and Ross, 
Nash et al. [75] conducted quasi-static tests on sand specimens exhibiting varying degrees of 
saturation up to 66%. The sample was observed to exhibit an increase in stiffness relative to 
dry sands for all moisture levels examined. This is in contrast to SHPB findings from Martin, 
Chen et al. [7], Martin and Chen [47] and Kabir, Song et al. [34] which indicate a reduction in 
stiffness with the incorporation of moisture relative to dry specimens. Song, Chen et al. [29] 
established that dry specimens experience the same stress-strain behaviour across strain rates 
ranging from 0.00085 s-1 up to 1450 s-1. Thus, adopting dry samples as a point of reference, 
one may infer that a shift in the testing regime from quasi-static to high strain rate results a 
softening response for partially saturated soils. Such tests hence imply a rate dependent 
nature for partially saturated porous media with increasing rates of strain corresponding to a 
reduction in stiffness. 
Figure 3.10 summarises a comparison between the stress-strain response of dry and partially 
saturated sand subjected to strain rates of 400 s-1 via the SHPB [47] and confined quasi-static 
compression [67]. Both specimens are poorly graded silica based sands with a specific gravity 
of 2.65 and particle distribution between 150 µm and 450 µm. Samples examined under the 
SHPB exhibit a dry density of 1.5 g/cm3 whereas quasi-static specimens display a dry density 
of 1.6 g/cm3. As expected, the stress-strain behaviour of dry samples for both strain rates are 
relatively comparable albeit with the quasi-static test producing a stiffer response at strains 
beyond 2% due to the higher dry density of sands tested. However, it is gleaned from the 
comparison between partially saturated tests at degrees of saturation between 32% and 34% 
that the shift from a quasi-static to high strain rate regime appears to generate a reduction in 
the confined modulus of the specimen. 
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Figure 3.10: Stress-strain response of dry and partially saturated sand under SHPB and quasi-static testing 
regimes (SHPB data extracted from [47] and quasi-static data extracted from [67]). 
Additionally, SHPB testing conducted by Felice, Brown et al. [76] appears to indicate a strain 
rate dependency of partially saturated sands near the optimum moisture content (Figure 3.11). 
This influence was noted to exist only as specimen strains exceeded that of the initial gas 
porosity such that the overall dynamic response is highly governed by pore water. Regardless, 
caution was advised in drawing any definitive conclusions regarding strain rate dependency 
due to insufficient data of reliable accuracy [76]. This strongly indicates the need for further 
experimental research and analyses into the high strain rate response of partially saturated 
porous media as reflected by Omidvar, Iskander et al. [19]. 
 
Figure 3.11: Dynamic stress-strain rate plot of partially saturated sand indicating apparent strain rate 
dependency (extracted from [76]). 
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3.2.3 Influence of Strain Rate on Cohesive Soils 
 
Like cohesionless sands, there have been attempts to characterise the extent of strain-rate 
dependency for cohesive geologic materials. Bragov, Grushevsky et al. [77] implemented 
SHPB experiments on both plasticine and clay. The clay specimens were removed from the 
ground at a depth of 2 m and sealed with paraffin and polyethylene film to preserve their 
inherent moisture content. Striker bars 100 mm to 400 mm in length were fired at speeds 
varying from 5 ms-1 to 30 ms-1, resulting in a maximum specimen stress of 350 MPa. Rates of 
loading achieved ranged from 500 s-1 to 4000 s-1 for plasticine and 1800 s-1 to 3300 s-1 for 
clay. The dynamic stress-strain relations of both materials are depicted via Figure 3.12. It was 
revealed that the high strain rate behaviour of both cohesive materials in terms of stiffness 
appeared to be largely independent of the strain rate within the ranges considered. However, 
the unloading behaviour of the samples suggest strain rate dependency, with higher rates of 
loading correlating with greater peak stresses and strains attained by both materials. 
  
Figure 3.12: Dynamic stress-strain response of plasticine (a) and clay (b) under strain rates of 500 s-1 to 
4000 s-1 and 1800 s-1 to 3300 s-1 respectively (extracted from [77]). 
3.2.4 Summary 
 
It is evident from published literature that the dynamic response of partially saturated porous 
media is not as well defined as that of their dry counterparts in the context of SHPB testing. 
The effect of moisture appears to play a role in the stress-strain behaviour of partially 
saturated sands. Increasing the moisture content initially results in a relaxation of the overall 
response due to an apparent lubricating effect from the presence of pore water. The stiffness 
increases after a certain saturation is reached as a result of the liquid phase assuming a 
portion of the applied load from the soil skeleton. As the specimen strain approaches that 
(a) (b) 
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required to displace all gas voids within the material, the dynamic behaviour becomes 
principally governed by pore water. Thus, as the sample achieves complete saturation, a two-
phase material is effectively produced with the complete expulsion of air. 
The impact of strain rate on the overall dynamic response of partially saturated soils is poorly 
characterised and cannot be definitively confirmed. It appears that the dynamic stiffness of 
cohesive materials such as clay and plasticine is invariant to changes in the rate of strain. 
However, a definitive relationship between strain rate and dynamic behaviour in the context 
of cohesionless sands is much less pronounced. While comparisons between quasi-static and 
SHPB tests hint at a possible link between strain rate and stress-strain behaviour, serious 
conclusions cannot be established without further experimental testing targeted towards the 
investigation of such relationships. 
3.3 Grain Crushing 
 
Grain crushing in the context of porous materials under dynamic loading pertains not only to 
civil engineering applications [78] but are also of interest in fields of food processing and 
pharmacology [79]. Grain crushing relates to the fracturing of individual particles as the 
stresses imposed on the grains exceed their intrinsic strength [80]. The commencement of 
crushing is also viewed as denoting the physical onset of yielding for granular media under 
uniaxial compression [81, 82]. Numerous structural parameters are seen to influence the 
extent of grain crushing including initial void ratio, particle size, particle angularity, particle 
gradation, and material composition [46, 83]. It has also been demonstrated that the strength 
of grains is time dependent and the total amount of crushing in a specimen is related to the 
energy input [80].  
3.3.1 Quantification of Grain Crushing 
 
The proposition of relations in order to quantify the extent of grain crushing in porous 
media after loading has been attempted by many authors. Traditionally, a single measure 
from the grain size distribution curve before and after testing is adopted for the 
characterisation of particle breakage for all grains in the entire specimen. Leslie [84] observed 
the increase in percent passing for particles corresponding to the sieve diameter to which 90% 
of the original material was retained. Lee and Farhoomand [85] on the other hand, quantified 
the extent of crushing based upon the sieve size ratio between the size for which 15% of the 
original material passes and the size for which 15% of the loaded sample passes. It is evident 
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that these methods are potentially misleading as they do not take into account changes to the 
entire grain distribution curve for crushing across all particle diameters. 
In response, Hardin [86] introduced the concept of relative breakage potential which 
considers the crushing of all particle sizes above 0.074 mm. The sand/silt boundary limit was 
established on the notion that the distribution of silt sized grains is far less influential to 
material behaviour than that of sand sized particles and larger. Hence, the relative breakage 
potential 𝐵𝑟 is defined by the area of the grain size distribution curve bounded at 0.074 mm 
and is given by the following relation: 
 
𝐵𝑟 =
𝐵𝑡
𝐵𝑝
 (3.2) 
where: 
 
𝐵𝑡 = ∫(𝑏𝑝𝑜 − 𝑏𝑝𝑙)𝑑𝑓
1
0
 (3.3) 
 
𝐵𝑝 = ∫𝑏𝑝𝑑𝑓
1
0
 (3.4) 
to which 𝑑𝑓 is the differential of percent passing divided by 100 and 𝑏𝑝 depicts the breakage 
potential of a particle of size 𝐷 defined as: 
 
𝑏𝑝 = {
log10 (
𝐷
0.074
)  𝑓𝑜𝑟 𝐷 ≥ 0.074𝑚𝑚
0                         𝑓𝑜𝑟 𝐷 < 0.074𝑚𝑚
 (3.5) 
Thus, 𝑏𝑝𝑜 denotes the original values of the breakage potential and 𝑏𝑝𝑙 are the values of 𝑏𝑝 
after loading. The relative breakage potential therefore exhibits a lower limit of zero which 
infers no fracturing of particles and a theoretical maximum of unity, relating to all particles 
crushed to a size less than 0.074 mm. The constituents forming the relative breakage 
potential for various cases of grain size distribution are shown graphically via Figure 3.13. 
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Figure 3.13: Representations of 𝐵𝑡 and 𝐵𝑝 (extracted from [86]). 
3.3.2 Influence of Confinement on Grain Crushing under High Strain Rates 
 
In the context of SHPB testing, the effects of high strain rate loading on particle breakage 
can be gleaned from experiments by Lu, Luo et al. [31]. Dry sand with initial densities of 1.51 
g/cm3 and 1.75 g/cm3 confined with steel, polycarbonate and polyvinyl chloride were 
subjected to strain rates between 600 s-1 and 700 s-1. Maximum confinement pressures 
offered by the three tube materials were 135 MPa, 35 MPa and 8 MPa respectively. It was 
identified from the grain size distribution curves after testing (Figure 3.14) that the extent of 
grain crushing is not influenced by initial density and degree of confinement when subjected 
to high strain rate loading above a confinement pressure of 35 MPa.  
Subsequently, 𝐵𝑝 was found to be 0.32 corresponding to the initial material condition prior 
to testing. For specimens encased with steel and polycarbonate, 𝐵𝑡 was identified to be 0.15, 
giving rise to a relative breakage potential 𝐵𝑟  of 0.47. However, samples confined with 
polyvinyl chloride experienced far less particle breakage resulting in a 𝐵𝑡 of 0.07 and 𝐵𝑟 of 
0.22. Hence, it is evident that by raising the maximum confinement pressure from 8 MPa to 
35 MPa, the extent of particle crushing according to the relative breakage potential increased 
by approximately 110% for strain rates between 600 s-1 and 700 s-1. 
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Figure 3.14: Particle size distribution before and after SHPB testing at 600 s-1 to 700 s-1 for various 
confinement materials (extracted from [31]). 
3.3.3 Influence of Particle Size and Gradation on Grain Crushing under High Strain Rates 
 
Hardin’s relative breakage potential has also been applied by Huang, Xu et al. [46] to quantify 
the influence of gradation and particle size on the extent of grain crushing under high strain 
rate loading via the SHPB. However, unlike the standard sieving procedure adopted by Lu, 
Luo et al. [31] for the extraction of grading curves post impact, a laser diffraction technique 
was implemented to capture the grain size distribution [87]. The properties of the materials 
examined are described in Subsection 3.1.4. 
It was subsequently identified that less crushing occurs in well graded and fine grained 
materials relative to uniformly graded coarse grained sands (Figure 3.15). SHPB 
experimentation on Eglin sand by Luo, Cooper et al. [88] also confirmed that larger grains are 
more prone to breakage under dynamic compression. Huang, Xu et al. [46] attributes this 
response to the notion that the average strength of grains is inversely related to their size, 
thus larger particles are more prone to breakage under comparatively similar stresses. This is 
principally due to the structural weakness of larger grains resulting from the presence of 
more anomalies and imperfections [81, 89]. Additionally, the relationship between gradation 
and crushing was associated with the combined effects of particle size and grain contact 
numbers on influencing overall particle breakage [90]. 
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Figure 3.15: Relative breakage potential of fine grained (FQS), coarse grained (CQS), and well graded 
(WGS) quartz sand as a function of axial stress under uniaxial high strain rate loading via the SHPB 
(extracted from [46]). 
3.3.4 Influence of Saturation on Grain Crushing under High Strain Rates 
 
The consideration of grain crushing in partially saturated porous media subjected to dynamic 
events is an infrequently addressed topic in literature. In response, Luo, Cooper et al. [88] 
conducted SHPB experiments with pulse shaping on Eglin sand up to a maximum moisture 
content of 16.5% (corresponding to a degree of saturation of 81%) at an initial dry density of 
1.75 x 103 kg/m3 in order to investigate the effects of moisture on particle breakage. Rates of 
strain achieved were approximately 600 s-1. 
The standard sieving technique was adopted in quantifying the particle size distribution 
before and after impact. It was also discovered that the Weibull cumulative distribution 
function (CDF) [91, 92] provided a more accurate fit to the grain size distribution of partially 
saturated specimens as opposed to the Gaussian model [93]. Subsequently, the application of 
Hardin’s relative breakage potential to the particle distribution before and after testing 
indicated a clear trend between grain crushing and saturation (Figure 3.16). It was shown that 
as the moisture content increases, particle breakage decreases linearly. Luo, Cooper et al. [88] 
thus attribute this observation to the increase in pore pressure during compression at impact, 
resulting in the reduction in contact stresses responsible for grain crushing. Additionally, 
optical imaging of fractured particles after SHPB impact indicated that the presence of water 
helps in reducing the formation of sharp edges in the fragments. It was subsequently 
   
51 
 
proposed that this was due to hydraulic pressure distributing stresses across the grains more 
uniformly. 
 
Figure 3.16: Hardin’s breakage factor as a function of moisture content for Eglin sand after SHPB impact 
(extracted from [88]). 
3.3.5 Summary 
 
In general, grain crushing is observed to increase with confinement pressure up to a certain 
level for a given rate of strain and is more prominent in coarse grained materials. In terms of 
partially saturated sands, it was identified via Hardin’s relative breakage potential that the 
extent of crushing decreases linearly with moisture content. The increase in pore pressure 
and its associated reduction in contact stresses between particles is offered as an explanation 
for this occurrence. 
3.4 Scope for Further Research on Partially Saturated Porous Media 
 
Evidently, past studies into the dynamic response of sand have proven instrumental in 
providing insight on the mechanical behaviour of such materials under various conditions. 
However, significantly more work is required in order to enhance our understanding on the 
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high strain rate response of partially saturated porous media. Areas necessitating further 
study are identified as follows: 
• Strain rate: Additional research is required to ascertain strain rate effects on the 
stress-strain response of partially saturated porous media. Data from existing SHPB 
tests are insufficient to definitively qualify a correlation between strain rate and 
dynamic specimen behaviour [19]. It is suggested that partially saturated sands may 
exhibit strain rate dependency at high rates of loading relative to quasi-static 
conditions, but this remains ambiguous and cannot be conclusively proven without 
additional experimental examination. 
• Confinement environment: The effects of lateral confinement have also not been 
thoroughly studied with regards to partially saturated porous media. Most partially 
saturated SHPB experiments examined adopted steel cylindrical sleeves for purposes 
of specimen confinement [7, 34, 74]. This effectively only allows for the capture of 
nearly uniaxial stress-strain relations due to the rigidity of the restraining steel. 
Further tests adopting differing sleeve materials will enable the assessment of varying 
lateral confinement pressures on the dynamic behaviour of partially saturated porous 
media. 
• Gradation: The effects of particle size distribution and grading on the dynamic 
stress-strain response of partially saturated porous media examined via the SHPB also 
appear to be lacking throughout literature. SHPB tests on partially saturated sands 
have almost always been conducted on specimens which are poorly graded [7]. The 
implementation of high strain rate tests on well graded samples will thus enable the 
comparison of stress-strain behaviour of porous media exhibiting wide particle size 
distributions with their uniformly graded counterparts across various saturations. 
• Initial dry density: The influence of initial dry density on the dynamic behaviour of 
partially saturated porous media also requires further investigation. While density 
effects have been considered in SHPB experiments, past studies have primarily 
focused on dry materials [29, 34]. The introduction of moisture into specimens of 
varying initial dry density will likely provide valuable insight into how pore water 
affects the stress-strain response relative to dry samples. 
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• Grain shape: The effects of particle geometry on the high strain rate response of 
partially saturated porous media need to be examined. It is known that the shape of 
individual constituent particles affects the degree of crushing experienced by the 
specimen [86]. Irregularly shaped grains are more prone to breakage than that of well-
rounded particles due to the greater presence of asperities susceptible to local stress 
concentrations [19]. Hence, the impact particle shape on the overall dynamic 
behaviour of porous media can be determined via comparing specimens consisting of 
irregular and rounded grains in the SHPB. 
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CHAPTER FOUR: Experimental Methodology 
 
EXPERIMENTAL METHODOLOGY 
 
The high strain rate response of partially saturated porous media was evaluated 
experimentally via the split Hopkinson pressure bar. This allowed for the quantification of 
dynamic stress-strain behaviour of such materials at a given rate of imparted strain. In order 
to satisfy the overarching experimental objective, multiple samples of varying material and 
geometric characteristics were prepared to gauge the influence of individual structural 
parameters on the overall response.  
4.1 Specimen Preparation and Properties 
 
Evidently, the design and preparation of appropriate test specimens must precede any 
attempts at physical experimentation. Hence, granular samples consisting of sand and glass 
beads were organised into the following categories in preparation for testing: 
• Uniformly graded Sydney sand (abbreviated henceforth as SP). 
• Uniformly graded glass beads (abbreviated henceforth as GP). 
• Well graded glass beads (abbreviated henceforth as GW). 
The implementation of such materials specifically targets the influence of specimen grading 
and particle shape on the dynamic response of porous media. In conjunction with the 
consideration of other parameters such as initial dry density, degree of lateral confinement, 
and rate of strain, a holistic view on the experimental behaviour of partially saturated porous 
media can be presented. 
4.1.1 Uniformly Graded Sydney Sand (SP) 
 
Silica sand sourced from Stockton Beach, Newcastle (henceforth referred to as “Sydney 
sand”) was adopted to represent a typical uniformly graded granular specimen. After drying 
overnight in an oven at 105 oC, the sand was subjected to a particle grading analysis 
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conforming to Australian Standard AS 1289.3.6.1-2009 [94]. The particle grading curve and 
grain size distribution by mass is presented in Figure 4.1 and Figure 4.2 respectively. 
 
Figure 4.1: Particle grading curve for uniformly graded Sydney sand. 
 
Figure 4.2: Particle size distribution by mass for uniformly graded Sydney sand. 
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uniformity (𝐶𝑢) and curvature (𝐶𝑐) were subsequently calculated based upon the 𝐷60, 𝐷30, 
and 𝐷10 parameters corresponding to the grain diameter for which 60%, 30% and 10% of all 
particles by mass are finer: 
 
𝐶𝑢 =
𝐷60
𝐷10
=
0.35
0.22
= 1.6 (4.1) 
 
𝐶𝑐 =
(𝐷30)
2
𝐷10𝐷60
=
0.272
0.35×0.22
= 0.9 (4.2) 
This material therefore satisfies the condition for uniform grading according to the Unified 
Soil Classification System (USCS) [95] as the coefficient of curvature is less than 6. 
4.1.2 Uniformly Graded Glass Beads (GP) 
 
The inclusion of glass beads within the testing regime effectively allows an insight into the 
influence of particle geometry (the shape of individual grains) on the overall mechanical 
response. Silica based sieve calibration glass beads were implemented with bead diameters 
ranging from 0.2 mm to 0.5 mm to closely match the grain size distribution of Sydney sand. 
Quantities of glass beads were passed through a series of sieves ranging from 0.15 mm up to 
0.5 mm in calibre. Beads retained on each sieve were subsequently transferred to separate 
containers and combined into a single mix per the required mass proportions to match that 
of Sydney sand. An electronic scale was used to ensure the correct mass of each size range 
was being incorporated into the final product. The grain size distribution and grading curve 
of the final reconstituted mix when compared with Sydney sand is shown in Figure 4.3 and 
Figure 4.4 respectively. 
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Figure 4.3: Particle size distribution by mass for uniformly graded Sydney sand and glass beads. 
 
Figure 4.4: Particle grading curve for uniformly graded Sydney sand and glass beads. 
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4.1.3 Well Graded Glass Beads (GW) 
 
In order to assess the effect of grading on the behaviour of porous media, well graded 
samples must also be considered. Glass beads were adopted for all well graded specimens as 
a comparison against their uniformly graded counterparts. Glass beads were selected over 
naturally well graded soils (such as river sand) for the construction of well graded samples to 
eliminate the possibility of clays and/or organic matter being present in such materials which 
may exhibit different mechanical properties. Additionally, to satisfy the conditions of a well 
graded sample, the following USCS requirements for sands must be satisfied: 
 𝐶𝑢 ≥ 6 
1 < 𝐶𝑐 < 3 
(4.3) 
Hence, it was discovered that a particle size distribution conforming to Figure 4.5 produces a 
grading curve that satisfies such requirements. To manufacture this mix, quantities of glass 
beads were passed through a series of sieves ranging from 0.09 mm up to 2.38 mm in calibre. 
The beads retained on each sieve were subsequently transferred to separate containers and 
combined into a single mix per the required mass proportions shown in the figure. This was 
accomplished via the use of an electronic scale to ensure the correct mass of each size range 
was being incorporated into the final product. 
The coefficients of uniformity (𝐶𝑢) and curvature (𝐶𝑐) are subsequently evaluated from the 
grading curve (Figure 4.6) as follows: 
 
𝐶𝑢 =
𝐷60
𝐷10
=
0.64
0.1
= 6.4 (4.4) 
 
𝐶𝑐 =
(𝐷30)
2
𝐷10𝐷60
=
0.32
0.64×0.1
= 1.4 (4.5) 
This confirms that the reconstituted mix is indeed well graded according to the USCS. 
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Figure 4.5: Particle size distribution by mass for well graded glass beads. 
 
Figure 4.6: Particle grading curve for well graded glass beads. 
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4.2 Split Hopkinson Pressure Bar Description and Calibration 
 
The SHPB setup utilised for all dynamic experiments is discussed in detail. Techniques 
implemented for the calculation of wave propagation velocity and the conversion of strain 
gauge signals to strain for the valid extraction of experimental data are also explored in this 
section.  
4.2.1 Description of the Split Hopkinson Pressure Bar 
 
The Hopkinson bar facility in the School of Civil Engineering at the University of Sydney 
(Figure 4.7) was supplied by the Long Win Science and Technology Corporation based in 
Taoyuan County, Taiwan [96]. The incident and transmitted bars both measure 1500 mm in 
length and 15 mm in diameter and are manufactured from SKH-51 high strength steel. A 
striker bar composed of the same material and measuring a length of 500 mm was adopted 
for all experiments. A comparatively long striker bar (relative to incident and transmitted 
bars) was employed to increase the length of the loading pulse for dynamic equilibrium and 
constant rate deformations. This also enabled higher strains to be attained within the 
specimen. The striker bar was launched from a guide barrel 1200 mm long via a compressed 
gas launcher rated at a maximum operational pressure of 4 MPa. A pressure clamp was 
installed around the incident bar close to the impact end which was designed to lock the bar 
in place immediately after striker collision. This ensured that only a single impact was 
imparted upon each sample to facilitate specimen retrieval for further particle distribution 
analysis. 
 
Figure 4.7: Split Hopkinson pressure bar facility at the University of Sydney. 
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Two strain gauge locations were specified on the incident bar at 750 mm and 1115 mm away 
from the specimen end whereas gauges were attached only at the midpoint of the transmitted 
bar. This allowed for a 500 mm long striker bar to be successfully implemented without the 
superpositioning of incident and reflected pulses, which occurred if gauges were only 
attached at the midpoint location. Strain gauges were fixed at each location on the bars in 
pairs separated by 180 degrees to enhance the quality of recorded signals. The entire SHPB 
setup including the positioning of strain gauges is illustrated via Figure 4.8. 
 
Figure 4.8: Schematic of split Hopkinson pressure bar configuration (not to scale). 
4.2.2 Calculation of Wave Propagation Velocity 
 
Evidently, the wave propagation velocity through the bar medium must first be accurately 
determined for valid SHPB results. This was accomplished by impacting the incident bar 
with the striker in isolation, without the presence of a specimen or transmitted rod. A series 
of compressive and tensile stress waves was subsequently extracted from the gauge located at 
the midpoint of the incident bar. The time interval (Δ𝑡) between the start of the compressive 
pulse and the next reflected compressive pulse was thus used to calculate the wave velocity 
via the following equation: 
 
𝐶0 =
2𝐿𝑖
Δ𝑡
 (4.6) 
The wave velocity was consequently determined to be 5195 ms-1 which closely resembles the 
theoretical wave propagation velocity derived via 𝐶0 = √𝐸/𝜌. This subsequently enables the 
determination of the wave propagation velocity through a specimen (𝐶𝑠) of a given length (𝑙𝑠) 
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by observing the time interval (Δ𝑡 ) between the start of the compressive pulse at the 
midpoint of the incident and transmitted bars: 
 
𝐶𝑠 =
𝑙𝑠
Δ𝑡 −
𝐿𝑖 + 𝐿𝑡
2𝐶0
 (4.7) 
where 𝐿𝑡 denotes the length of the transmitted bar. 
4.2.3 Conversion of Voltage to Strain 
 
As data collected by the strain gauges are given in volts, a relation must be implemented to 
derive the strain history. As pressure waves traverse the gauge, the elongation or contraction 
of the filaments will result in a change in resistance. This resistance change is related to the 
strain through the proportionality coefficient, 𝑘, otherwise known as the gauge factor, via the 
following equation: 
 Δ𝑅
𝑅0
= 𝑘
Δ𝐿
𝐿0
= 𝑘𝜀 (4.8) 
where Δ𝑅 and 𝑅0 respectively relate to the change in resistance and initial gauge resistance, 
and Δ𝐿 and 𝐿0 is the change in length and initial length of the gauge filament respectively. 
The gauges are connected to a Wheatstone bridge to capture the strain history. As gauges are 
attached to each location on the SHPB in pairs, a half bridge circuit is adopted [97], where 
resistors 𝑅1 and 𝑅3 on the Wheatstone bridge are replaced by strain gauges (Figure 4.9). 
 
Figure 4.9: Schematic of half bridge circuit Wheatstone bridge 
The output voltage (Δ𝑉) is subsequently related to the input voltage (𝑉0) as follows: 
 
Δ𝑉 = 𝑉0 (
𝑅2
𝑅1 + 𝑅2
−
𝑅3
𝑅3 + 𝑅4
) (4.9) 
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where 𝑅1 = 𝑅2 = 𝑅3 = 𝑅4 = 𝑅0  for the balanced condition. However, as the gauges are 
strained, the resistances associated with gauges 𝑅1 and 𝑅3 become 𝑅0 + Δ𝑅 while 𝑅2 and 𝑅4 
remain at 𝑅0. Hence, Equation 4.9 may be rewritten as: 
 
Δ𝑉 = 𝑉0 (
𝑅0
𝑅0 + Δ𝑅 + 𝑅0
−
𝑅0 + Δ𝑅
𝑅0 + Δ𝑅 + 𝑅0
) = 𝑉0 (
Δ𝑅
2𝑅0 + Δ𝑅
) (4.10) 
Subsequently substituting Δ𝑅 = 𝑅0𝑘𝜀 from Equation 4.8 into Equation 4.10 and rearranging 
in terms of strain: 
 
𝜀 =
2Δ𝑉
𝑉0𝑘 (1 −
Δ𝑉
𝑉0
)
 (4.11) 
Hence, for Δ𝑉 ≪ 𝑉0 for a given amplifier gain 𝐺 [98]: 
 
𝜀 =
2Δ𝑉
𝑉0𝑘𝐺
 (4.12) 
4.3 Specimen Geometry 
 
Although the diameter of specimens was ultimately dictated by the diameter of the pressure 
bars, the sample length must be carefully selected in order to produce valid results. The 
length to diameter ratio of specimens thus play a significant role in satisfying the critical 
requirements pertaining to SHPB experiments. Both Bragov, Kotov et al. [30] and Davies 
and Hunter [39] suggests that a length to diameter of ratio of approximately 0.5 is suitable 
for the reduction of frictional effects, which may overestimate the stress for a given strain. 
However, Felice, Gaffney et al. [27] indicates a ratio closer to 0.2 may be more appropriate 
for the testing of porous media in order to facilitate dynamic stress equilibrium between both 
ends of the specimen. Additionally, investigations into the effects of radial and longitudinal 
inertia by Bertholf and Karnes [38] infers that a length to diameter ratio of 0.26 is necessary 
to minimise such effects when assuming a Poisson ratio of 0.3 for sands [49]. Finally, 
experimental testing by Kabir, Song et al. [34] shows that thinner specimens tend to deform 
more uniformly with a ratio of less than 0.69 being ideal for constant rate deformations. 
Henceforth, it is evident that a balance must be achieved between the various factors 
essential in producing reliable SHPB results. As such, a rough midpoint was taken between 
the upper and lower bounds of the three length to diameter ratios pertinent to the reduction 
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in frictional effects (𝑙𝑠/𝑑𝑠 = 0.5), facilitation of dynamic stress equilibrium (𝑙𝑠/𝑑𝑠 = 0.2) 
and the minimisation of longitudinal and radial inertia ( 𝑙𝑠/𝑑𝑠 = 0.26 ). The length to 
diameter ratio implemented for all SHPB tests as part of this study was thus selected as 
follows: 
 
𝑀𝑖𝑛(0.2, 0.26, 0.5) <
𝑙𝑠
𝑑𝑠
< 𝑀𝑎𝑥(0.2, 0.26, 0.5) (4.13) 
The diameter of specimens was fixed at 15.05 mm which correspond to the diameter of the 
pressure bars with an additional 0.05 mm tolerance required for confinement purposes. 
Hence, an approximate length to diameter ratio of 0.33 was adopted which resulted in a 
sample length of 5 mm. This ratio is also shown to be much less than 0.69 indicating that 
constant deformations can be expected to occur. The total specimen volume was therefore 
approximately 890 mm3. 
4.4 Methods of Confinement 
 
All specimens were confined in either steel or polycarbonate tubes for SHPB testing in order 
to generate different confinement environments. While the steel tube is designed to simulate 
a one-dimensional uniaxial condition, the use of polycarbonate is expected to allow for a 
certain degree of radial expansion of the sample. The specimen was placed within the tube 
and sandwiched between two steel platens to control its total thickness. A strain gauge was 
also attached to the outer wall of each tube to capture circumferential strains for the 
quantification of confinement characteristics (Figure 4.10). 
  
Figure 4.10: Strain gauge attached to the outer wall of confinement chambers manufactured from 
polycarbonate (a) and steel (b). 
(a) (b) 
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4.4.1 Steel Confinement 
 
The steel material adopted for the confinement tube and platens is low-alloy EN26 high 
tensile steel supplied by Atlas Steels Australia [99]. The approximate yield (0.2% proof stress) 
and tensile strength is 1170 MPa and 1210 MPa respectively in addition to a Young’s 
modulus of 205 GPa. The chemical composition of the material is presented in Table 4.1. 
Table 4.1: Chemical composition of EN26 steel adopted for steel specimen confinement tube and platens. 
Element Carbon  
(C) 
Silicon  
(Si) 
Manganese  
(Mn) 
Nickel  
(Ni) 
Chromium  
(Cr) 
Molybdenum  
(Mo) 
Composition (%) 0.4 0.25 0.6 2.5 0.6 0.5 
 
The steel tube exhibits an inner diameter of 15.05 mm which gives a tolerance of 
approximately 0.025 mm around the 15mm diameter Hopkinson bar. The wall thickness is 
3.5 mm which results in a total outer diameter of 22.05 mm (Figure 4.11). The total length of 
the confinement tube is 45 mm with two holes drilled at 15 mm from both ends at opposite 
faces which are sized to accept M3 machine screws. Such screws were used to secure steel 
platens which act to sandwich the specimen to maintain a uniform sample thickness of 5 mm. 
The platens have a diameter of 15 mm and a length of 10 mm. 
 
Figure 4.11: Specimen confined within 3.5 mm thick EN26 steel and 2.0/3.5 mm thick polycarbonate 
chambers with incident and transmitted bars shown. All dimensions in millimetres. 
4.4.2 Polycarbonate Confinement 
 
The polycarbonate adopted for confinement tubes is Makrolon® Polycarbonate certified to 
EN ISO 9001 commercially sourced from Dotmar [100]. The yield stress and Young’s 
modulus is approximately 65 MPa and 2300 MPa respectively. While the inner diameter and 
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length of the polycarbonate tube was kept consistent with its steel counterpart at 15.05 mm 
and 45 mm respectively, two wall thicknesses of 3.5 mm and 2.0 mm were adopted to 
simulate different levels of confinement rigidity (Figure 4.11). Platens used to sandwich the 
sample remained the same as that adopted for steel tubes. 
4.5 Preparation of Samples 
 
The preparation of specimens immediately prior to testing was performed in a consistent 
manner for all tests and confinement types. A steel platen was placed within the tube and a 
thin ruler was inserted to measure exactly 10 mm from one end of the cylinder to the platen. 
This ensured that the centre of the holes drilled into the tube was aligned with the halfway 
point of the platen thickness (5 mm from each face). The two machine screws were then 
inserted and tightened with a screwdriver to immobilise the platen. The correct amount of 
material (dried overnight in an oven at 105 oC) conforming to the desired dry density was 
then weighed in a small plastic cup via an electronic scale and subsequently poured into the 
tube. A fine brush was used to dislodge any particles remaining in the cup.  
Three dry densities were implemented for each material which correspond to three different 
void ratios (𝑒), defined as the ratio of the volume of voids (𝑉𝑉) to the volume of solids (𝑉𝑆). 
The void ratio is also directly related to the sample porosity (𝑛) in depicting the ratio of the 
volume of voids to the total initial specimen volume (𝑉𝑇). As the specific gravity of glass 
beads is lower from that of Sydney sand, a lower specimen mass (and thus specimen density) 
must be adopted to maintain a constant porosity. This is dictated via the following relation: 
 
𝑒 =
𝑉𝑉
𝑉𝑆
=
𝑛
1 − 𝑛
=
𝐺𝑠𝛾𝑤
𝛾𝑑
− 1 (4.14) 
where 𝐺𝑠 is the material specific gravity, 𝛾𝑤 is the unit weight of water, and 𝛾𝑑 is the initial 
dry specimen unit weight. The dry densities and corresponding mass to achieve a certain void 
ratio for the different materials are illustrated in Table 4.2. 
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Table 4.2: Required sample mass conforming to each dry density under consideration. 
Material 
Specific 
gravity 
            Void ratio 
 
 
Density/mass 
0.81 0.68 0.57 
Sydney sand 2.65 
Dry density 1.46 g/cm3 1.57 g/cm3 1.69 g/cm3 
Specimen mass 1.30 g 1.40 g 1.50 g 
Glass beads 2.50 
Dry density 
Not considered 
1.48 g/cm3 
Not considered 
Specimen mass 1.32 g 
 
Following the addition of dry material, water was added via a pipette conforming to the 
volume required to achieve the required degree of saturation for a particular specimen. Five 
degrees of saturation were considered ranging from 0% to 100% (See table below). The 
volume of liquid in millilitres corresponding to each degree of saturation was calculated as 
follows: 
 
𝑣 = 𝑚𝑑 [
𝑆
𝐺𝑠
(
𝐺𝑠𝛾𝑤
𝛾𝑑
− 1)] = 𝑚𝑑 (
𝑆𝑒
𝐺𝑠
) (4.15) 
where 𝑚𝑑 is the dry specimen mass in grams and 𝑆 is the degree of saturation. The volume 
of water required to achieve each degree of saturation for each material type and initial dry 
density is presented in Table 4.3. 
Table 4.3: Required volume of water (ml) for each specimen type, dry density, and degree of saturation. 
    Sydney sand Glass beads 
Void ratio 
Dry density 
(Sydney Sand) 
Dry density 
(glass beads) 
     Specific gravity 
 
 
Saturation 
2.65 2.50 
0.81 1.46 g/cm3 Not considered 
0% 0 
Not considered 
25% 0.10 
50% 0.20 
75% 0.30 
100% 0.40 
0.68 1.57 g/cm3 1.48 g/cm3 
0% 0 0 
25% 0.09 0.09 
50% 0.18 0.18 
75% 0.27 0.27 
100% 0.36 0.36 
0.57 1.69 g/cm3 Not considered 
0% 0 
Not considered 
25% 0.08 
50% 0.16 
75% 0.24 
100% 0.32 
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Following the addition of water, the specimen was thoroughly mixed with a needle to ensure 
an even fluid distribution. The second platen was implanted into the tube to sandwich the 
sample and a ruler was inserted to measure the distance between the top surface of the platen 
and end of the tube. The tube was then gently shaken vertically upon a flat surface and the 
ruler was closely monitored until a distance of 10 mm was achieved between the platen and 
the free end of the cylinder. The two remaining machine screws were inserted and tightened 
to fix the specimen in place and the tube was transferred horizontally to the SHPB. Once the 
sample was placed between the incident and transmitted bars, the bars were carefully 
adjusted to ensure firm contact with the surface of the two platens. The four machine screws 
were subsequently removed allowing for testing to commence. After each experiment, the 
tube and platens were cleaned following removal of the specimen and the process was 
repeated in preparation for the next test. 
4.6 Pulse Shaping and Impact Characteristics 
 
Copper pulse shapers in the form of cylindrical disks were adopted for all SHPB tests in 
order to facilitate dynamic stress equilibrium and constant rate deformations. Before each 
test, the pulse shaper was secured to the impact end of the incident bar using a small quantity 
of petroleum jelly. The diameter, thickness and material type of the shapers were selected 
based on that which produces the best stress equilibrium conditions under a certain impact 
pressure. Additionally, the desired rate of strain achieved for a given specimen was obtained 
by calibrating the launch pressure of the striker bar while considering pulse shaper properties 
and sample water content.  
Table 4.4 summarises the rates of strain achieved for a sample at a given launcher pressure, 
pulse shaper configuration, confinement type and degree of water saturation. Average strain 
rates produced extend from 800 s-1 to 2100 s-1 to which four separate strain rate categories 
were established. These constitute the ranges of 800 – 900 s-1, 1000 – 1300 s-1, 1500 – 1700 s-
1, and 1900 – 2100 s-1, which are subsequently referred to as CAT 0, CAT I, CAT II and 
CAT III respectively. This enables comparisons to be conducted between different materials 
across different rates of strain. An experimental framework is therefore established which 
forms the backbone for all SHPB tests conducted throughout this research. 
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Table 4.4: Average strain rates achieved for test specimens for a given launcher pressure, pulse shaper, 
confinement type, and degree of saturation. 
Gas 
launcher 
pressure 
Pulse Shaper 
(diameter x 
thickness) 
Confinement 
Degree of 
saturation 
range 
SP GW GP 
2.0 Bar 5.5 x 1.02 mm 
hard copper 
Steel 0% 800 – 
900 s-1 
  
3.3 Bar 5.5 x 1.02 mm 
hard copper 
Steel 0 – 100% 1000 – 
1300 s-1 
 1100 – 
1300 s-1 
3.6 Bar 5.5 x 1.02 mm 
hard copper 
PC 0 – 100% 1000 – 
1200 s-1 
  
4.0 Bar 5.5 x 1.02 mm 
hard copper 
Steel 0 – 75%  1000 – 
1200 s-1 
 
4.7 Bar 5.5 x 1.02 mm 
hard copper 
Steel 0 – 100% 1500 – 
1600 s-1 
 1500 – 
1700 s-1 
7.0 Bar 6.5 x 1.22 mm 
annealed copper 
Steel 0 – 75% 2000 – 
2100 s-1 
  
7.0 Bar 5.5 x 1.02 mm 
hard copper 
Steel 0 – 75%   2000 – 
2100 s-1 
8.0 Bar 6.5 x 1.22 mm 
annealed copper 
Steel 100% 1900 s-1   
8.0 Bar 5.5 x 1.02 mm 
hard copper 
Steel 100%   2100 s-1 
Strain rate categories 
800 – 900 s-1 (CAT 0) 1000 – 1300 s-1 (CAT I) 1500 – 1700 s-1 (CAT II) 1900 – 2100 s-1 (CAT III) 
 
4.7 Calculation of Stress-strain Parameters 
 
Evidently, quantifying the high strain rate response of specimens examined via the SHPB 
requires the computation of stress-strain relations under various rates of loading. Following 
the extraction of incident, reflected, and transmitted strain histories, the sample longitudinal 
stress-strain response was calculated via Equations (2.11) and (2.33), which are restated here 
for convenience: 
 
𝜎𝑠(𝑡) =
𝐴
2𝐴𝑠
𝐸[𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)] (2.11) 
 
𝜀𝑠(𝑡) =
2𝐶𝑜
𝑙𝑠
∫𝜀𝑟(𝑡)𝑑𝑡
𝑡
0
 (2.33) 
The strain rate history was subsequently determined via Equation (2.32): 
 
𝜀?̇?(𝑡) =
2𝐶𝑜
𝑙𝑠
𝜀𝑟(𝑡) (2.32) 
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Additionally, the consideration of confinement characteristics was enabled via attaching 
strain gauges to the outer wall of the confinement tube. The capturing of circumferential 
strains on the cylinder wall therefore allowed for the computation of confinement pressures 
via Equation (2.40) and the determination of specimen radial and circumferential strains 
through Equation (2.45). 
 𝑝𝑖 = 0.5(𝛼
2 − 1)𝐸𝑐𝜀𝜃𝜃 (2.40) 
 
𝜀𝑟𝑟
𝑖 = 𝜀𝜃𝜃
𝑖 =
1
𝐸𝑐
(𝜎𝜃𝜃
𝑖 − 𝜈𝑐𝜎𝑟𝑟
𝑖 ) = 0.5𝜀𝜃𝜃[1 − 𝜈𝑐 + (1 + 𝜈𝑐)𝛼
2] (2.45) 
To ensure data repeatability, a total of four to six repeats were implemented for a change in 
any given experimental parameter, such as strain rate or degree of saturation, to which an 
averaged curve was produced. Furthermore, all stress-strain data extracted were checked for 
compliance against the assumption of dynamic stress equilibrium via the 1-wave 2-wave 
technique discussed in Subsection 2.4.1.3. 
4.8 Calculation of Grain Crushing Parameters 
 
Owing to the nature of high impact experiments, the characterisation of grain crushing 
should ideally be conducted on specimens which have experienced only a single impact. In 
the context of SHPB testing, one experimental method to facilitate this involves adopting an 
incident bar at least twice the length of the transmitted rod [32, 88, 101]. In this research, as 
both incident and transmitted bars are maintained at 1500 mm in length, a clamp designed to 
lock the incident bar in place after impact was implemented to achieve a single collision on 
each specimen. Additionally, images captured by a high-speed camera for a sample confined 
via a semi-transparent polycarbonate tube at a frame rate of 50,000 fps confirmed that the 
specimen was impacted only once. 
Following each test, the specimen was extracted from the confinement chamber and placed 
into an airtight container. As up to a total of six repeats was conducted to investigate any 
particular experimental variable, each container for any given test condition will contain up 
to six individual post-impact specimens. This ensured that an adequate quantity of grains was 
available to sufficiently represent the extent of particle breakage and that enough grains were 
present for sieve analysis. However, it was not possible to retrieve some specimens after 
impact as the confinement tube would slide onto the transmitted bar, dislodging and 
scattering the sample in the process.  
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The quantification of particle breakage within this research was implemented via Hardin’s 
relative breakage potential, for which its implementation is explained in Subsection 3.3.1. 
Once samples have been dried in an oven overnight at 105 oC, sieve analyses were conducted 
to determine the post impact particle grading curve. A Weibull distribution function was 
adopted for this purpose which was demonstrated by Luo, Cooper et al. [88] to be more 
appropriate than the alternative Gaussian function when considering grading curves post 
impact. The Weibull probability distribution function (PDF) and cumulative distribution 
function (CDF) are shown as follows: 
 
𝑓(𝐷) =
𝜉
𝜆
(
𝐷
𝜆
)
𝜉−1
𝑒−(
𝐷
𝜆
)
𝜉
 
𝐹(𝐷) = 1 − 𝑒−(
𝐷
𝜆
)
𝜉
}
 
 
 
 
𝑓𝑜𝑟 
0 ≤ 𝐷 ≤ +∞
 
𝜉, 𝜆 > 0
 (4.16) 
where 𝑓(𝐷)  and 𝐹(𝐷)  denotes the Weibull PDF and CDF respectively. 𝜉 , 𝜆 , and 𝐷 
respectively signify the shape parameter, scale parameter, and the particle size in millimetres. 
As the gradation curve is inherently cumulative in nature, the Weibull CDF was implemented. 
The simple square root of sum squared (RSS) technique was adopted to locate the best fit 𝑘 
and 𝜆 parameters for each curve from the data points extracted via sieving. 
4.9 Evaluating Potential Water Loss 
 
As the specimen chamber was not completely sealed for water seepage, potential water loss 
effects before testing must be taken into consideration. This allows for a true water content 
to be established which can be used to update the degrees of saturation previously stipulated 
under ideal conditions neglecting water loss. 
4.9.1 Water Loss before Testing 
 
During the time period from when water was first introduced into the dry specimen to the 
initiation of impact, water may seep out through the sides of the chamber. This is attributed 
to the fact that an average gap of 0.025 mm was maintained between the platens and the 
inner face of the confinement tube. To quantify the volume of water potentially lost during 
this phase, water was injected to a sample placed within a polycarbonate tube 3.5 mm thick 
(described in Subsection 4.4.2) exhibiting a degree of optical transparency. Red food 
colouring was mixed into the water which allowed the liquid to be easily viewed through the 
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tube. After the tube was manually shaken, the amount of seepage beyond the platen can be 
visually observed.  
It was discovered that at degrees of saturation up to 75%, virtually no water seepage occurs 
beyond the inner platen boundaries. Thus, it was confirmed that the expected water loss up 
to 75% saturation was negligible before testing. However, when the volume of water 
corresponding to a saturation of 100% was added to the specimen, water was observed to 
seep into the gaps between both platens and the inner wall of the confinement chamber. 
Given that each of the two platens measure a length of 10 mm, the total volume of water 
loss may be estimated as follows: 
 
Vloss = (
15.052𝜋
4
−
152𝜋
4
)×10×2 = 23.6 𝑚𝑚3 ≈ 0.024 𝑚𝑙 (4.17) 
This infers that this quantity of water must be subtracted from the volume giving rise to a 
saturation of 100% assuming no water loss to derive the true degree of saturation for all 
samples before impact. 
4.9.2 Summary of Water Loss Effects 
 
The seepage of water before testing occurring within samples initially saturated to 100% 
need to be taken into consideration and subsequently quantified. Table 4.5 summarises the 
water content of specimens during impact after subtracting the volume of water lost due to 
initial seepage for the fully saturated samples. It can be seen that after accounting for water 
loss, specimens initially at complete saturation were reduced to saturation levels between 
approximately 92% and 95% depending on its initial void ratio. However, it is deemed 
prudent that during the reporting of data, the maximum degree of saturation should simply 
be stated as “90%+” as the level of seepage will likely vary between individual samples. 
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Table 4.5: True specimen water content during impact after accounting for initial water loss for various 
void ratios. 
Specimen 
Void ratio 
Initial degree of 
saturation 
Initial specimen water 
content (ml) 
Maximum water loss 
before testing (ml) 
Degree of 
saturation at 
impact 
0.81 
0% 0 0 0% 
25% 0.10 0 25% 
50% 0.20 0 50% 
75% 0.30 0 75% 
100% 0.40 0.024 95% (90%+) 
0.68 
0% 0 0 0% 
25% 0.09 0 25% 
50% 0.18 0 50% 
75% 0.27 0 75% 
100% 0.36 0.024 93% (90%+) 
0.57 
0% 0 0 0% 
25% 0.08 0 25% 
50% 0.16 0 50% 
75% 0.24 0 75% 
100% 0.32 0.024 92% (90%+) 
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CHAPTER FIVE: Data Processing via Wave Collation 
 
DATA PROCESSING VIA WAVE COLLATION 
 
As previously discussed in Section 4.2, the collation of incident and reflected pulses was 
performed by two strain gauge pairs attached to the incident bar located at 750 mm and 1115 
mm from the specimen end. As a long striker bar was implemented for a relatively short 
incident bar, the overlapping of incident and reflected waves would occur if only a single 
gauge was adopted. Therefore, an alternate procedure for the acquisition and processing of 
strain gauge data was implemented for which its validity must be authenticated. This chapter 
introduces the theory behind the collation technique in addition to both experimental and 
numerical validation on a Sydney sand specimen confined with steel tested via the SHPB. A 
graph is also provided to aid the design of a given SHPB setup to accommodate a loading 
pulse of a set duration. 
5.1 Problem Description and Overview of Multi-Point Strain Sampling Techniques for 
the Split Hopkinson Pressure Bar 
 
The extraction of specimen response at high rates of strain via the SHPB relies on the 
satisfaction of several inherent assumptions. In addition to the requirements of dynamic 
stress equilibrium and constant rate deformation of the sample, the incident and reflected 
waves must propagate along the incident bar without overlap at the gauge location. It has 
been suggested that the pressure bars should be at least twice as long as the striker for a 
gauge attached at the midpoint [51]. However, this is often not long enough to prevent 
overlap if the input pulse is altered via pulse shaping, giving rise to the modified SHPB [47]. 
For the testing of soft or brittle specimens such as foam and sand, it is often required to 
adopt pulse shaping techniques in conjunction with long striker bars to significantly increase 
the rise time and thus duration of the input wave in order to effectively achieve dynamic 
stress equilibrium in the specimen [29, 55, 102]. Additionally, under situations where 
deformations must occur at a constant rate of strain over a large strain range, as opposed to 
merely a sharp spike characterising the peak strain rate, the implementation of a long striker 
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bar is often paramount. By increasing the striker length, the plateau sustaining the maximum 
strain rate can be maintained for longer durations at a given rate of strain, in addition to 
enabling the extraction of the specimen response at higher strains unattainable via short 
strikers. 
Consequently, the length of the incident bar is often several times longer than the striker if 
gauges are specified at only the middle of the bar to eliminate the overlapping of stress waves 
at the gauge location [7]. If overlapping is present, the most direct and intuitive response is to 
simply adopt a longer incident bar. However, certain practical considerations need to be 
taken into consideration as the environment of many laboratories configured to support the 
SHPB testing apparatus may prove problematic. Due to its sheer size, issues such as lack of 
space or simply the unavailability of alternative bars may eliminate this as a viable option. 
Subsequently, if a rapid solution is desired or a longer incident bar will only be used for 
certain types of materials, the procurement of a longer bar may not be economically prudent 
or time efficient. Additionally, even if longer bars can be sourced, the setup configuration of 
some laboratories might not be appropriately designed to receive pressure bars beyond a 
certain length. It therefore becomes necessary to develop procedures to effectively extract 
the specimen response beyond that of conventional testing.  
Previous attempts at addressing this matter pertains to the observation of multiple wave 
reflections between two strain gauges on the incident bar such as the two-point wave 
separation technique proposed by Lundberg and Henchoz [103].  The method illustrates the 
feasibility of multi-gauge strain sampling under the assumption of one-dimensional wave 
propagation for pulse travel durations of less than 20 times the distance between the gauges. 
However, it was concluded that dispersive effects substantially dampen the accuracy of 
extracted signals for each subsequent wave reflection, thus demonstrating the limitations of 
the one-dimensional propagation theory [53, 103].  In response, Zhao and Gary [104] 
implemented an iterative approach to effectively extend the duration of a trapezoidal pulse 
via the observation of strain histories from multiple reverberations at two distinct cross 
sections on the pressure bars while accounting for wave dispersion. The Pochhammer [24] 
and Chree [25] equations depicting the propagation of longitudinal waves in a bar of infinite 
length formed the basis of wave separation and the correction of dispersive effects via Fast 
Fourier Transforms (FFT) in the time domain. The multi-point technique is further 
optimised by a mathematical method where wave separation is conducted in the frequency 
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domain for all frequencies simultaneously [105]. Henceforth, the adoption of multi-gauge 
wave separation methods in the context of SHPB testing has proved invaluable in 
suppressing wave overlap and extending the maximum observable strain for specimens 
loaded within the intermediate strain rate range (approximately 1 – 200 s-1) where high strains 
are difficult to attain otherwise [104, 106]. 
This chapter explores a simplified approach referred here as wave collation involving the direct 
reconstruction of recorded strains from gauges attached at two locations on the incident bar 
for the elimination of overlapping wave trains. The technique differs from classical wave 
separation methods in that it considers only a single reflection of the propagating stress wave 
in the incident bar (much akin to traditional SHPB tests). In addition, previous wave 
separation procedures are generally concerned with the extraction of specimen stress-strain 
behaviour at intermediate strain rates not exceeding several hundred [104, 106]. The 
discussed collation method, on the other hand, is more appropriate for higher strain rates at 
around 1000 s-1 and beyond, as typically achieved via standard Hopkinson bar testing. Under 
high strain rate conditions, the maximum level of strain observed for any given specimen is 
expected to be much greater than that loaded under intermediate rates for a single reflection. 
However, wave overlapping may still manifest especially if modifications such as pulse 
shaping are adopted to alter the duration of the loading pulse. Hence, the objective is to 
provide a rapid and simplified procedure which can be implemented for any arbitrary pulse 
under the high strain rate regime without necessitating complex signal processing on the 
acquired data. 
5.2 Theoretical Overview and Experimental Validation 
 
This section describes the theory behind the wave collation technique in addition to the 
experimental validation of the method. The propagation of a stress wave generated at the 
impact end of the incident bar is summarised visually via Figure 5.1 with inter-gauge travel 
times relevant to the derivation of the collation equations explored throughout this section 
denoted. A typical test on a specimen of Sydney sand at an initial dry density of 1.57 g/cm3 
utilising a 500 mm steel striker giving rise to a strain rate of 900 s-1 is implemented to 
illustrate the collation procedure. 
   
79 
 
 
Figure 5.1: Stress wave propagation in the incident bar denoting pulse travel times between strain gauges. 
5.2.1 Data Processing from Gauge 1 
 
Gauge 1 refers to the incident bar strain gauges attached at 1115 mm from the specimen end 
and 385 mm from the impact end (Figure 4.8). As this gauge is located further away from the 
specimen, it is designed to capture the entire incident wave free from superpositioning 
effects. However, as it is only located 385 mm from the impact end of the incident bar, the 
reflected wave will overlap with itself as it is reflected back from the free end. The maximum 
possible duration of the incident wave 𝑇𝑖(𝑚𝑎𝑥) without overlap with its reflected counterpart 
can therefore be computed. This duration is defined as the time required for a pulse to travel 
twice the distance from Gauge 1 to the specimen/incident bar interface: 
 
𝑇𝑖(𝑚𝑎𝑥) =
2(𝐿𝑖 − 𝑑1)
𝐶0
≥ 𝑇𝑖 (5.1) 
where 𝐿𝑖 is the length of the incident bar and 𝑑1 is the distance between the impact end of 
the incident bar and Gauge 1 (385 mm). 𝑇𝑖 denotes the duration of any given incident wave, 
which cannot exceed 𝑇𝑖(𝑚𝑎𝑥)  to be free from superpositioning effects. Consequently, the 
incident wave strain history, 𝜀𝑖(𝑡𝑖) is simply that measured at Gauge 1 (𝜀1) across the time 
necessary for the pulse to traverse the gauge (Equation 4.10). Given compliance with 
Equation (5.1), the absence of wave overlap is guaranteed. 
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 𝜀𝑖(𝑡𝑖) = 𝜀1(𝑡𝑖) = 𝜀1(0 ≤ 𝑡𝑖 ≤ 𝑇𝑖) (5.2) 
Note that the incident wave propagates as a function of time 𝑡𝑖 which is taken relative to the 
beginning of the incident pulse. Subsequently, the non-overlapped duration of the reflected 
strain history from this gauge, 𝜀1(𝑡𝑟), is defined as the time required for the reflected wave 
to travel from Gauge 1 to the impact end and back again (covering a distance 2𝑑1). Beyond 
this time mark, the rear portion of the reflected wave will superimpose with its front portion 
that has been further reflected at the impact end voiding the acquired signal. Hence, the 
front portion of the reflected signal with 𝑡𝑟 = 0 denoting its commencement, which has not 
overlapped with the rear of the reflected wave, is therefore bounded as follows: 
 
𝜀1(𝑡𝑟) = 𝜀1 (0 ≤ 𝑡𝑟 ≤
2𝑑1
𝐶0
) (5.3) 
Figure 5.2 displays the strain history collected by Gauge 1 for the specimen tested which 
observes the duration of the incident pulse to be 𝑇𝑖  = 0.4 ms. Note that due to the 
application of pulse shaping, this duration is significantly longer than typical duration of 
0.192 ms induced by a 500 mm striker. Given the bar wave velocity 𝐶0 = 5195 ms-1, this 
travel time is far greater than that allowed by a standard mid-bar single gauge setup of 0.29 
ms. Equation (5.3) also demarcates the upper time boundary as 0.15 ms until which the 
reflected wave collected at Gauge 1 is valid. This can be visualised both in the reflected wave 
time history and the stress comparison between both ends of the specimen (Figure 5.2). It is 
evident that the front and back stresses begin to significantly deviate beyond the 0.15 ms 
time mark as predicted due to superpositioning of the rear portion of the reflected pulse with 
the leading wave reflected at the impact end.  
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Figure 5.2: Stress history of specimen front and back stresses (a) and incident and reflected wave histories 
(b) for data processed at Gauge 1. 
5.2.2 Data Processing from Gauge 2 
 
While Gauge 1 is only able to capture the leading portion of the reflected wave without 
overlap, the remaining pulse duration is acquired by Gauge 2 (Figure 4.8). As this gauge is 
positioned closer to the specimen, the superpositioning of the rear portion of the incident 
wave and the front portion of reflected wave may occur. This is on account of the reflected 
signal reaching Gauge 2 before the entire incident wave has had sufficient time to fully 
Stress equilibrium 
No stress equilibrium 
No wave overlap 
Wave overlap 
Incident wave Reflected wave 
(a) 
(b) 
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traverse the gauge. Hence, it follows that the reflected pulse will only be free of overlapping 
effects beyond a time corresponding to the time difference between the total incident wave 
duration ( 𝑇𝑖 ) and the travel time of the incident pulse from Gauge 2 to the 
specimen/incident bar interface and back again (spanning a distance 2𝑑2, where 𝑑2 is the 
distance from Gauge 2 to the specimen interface at 750 mm): 
 
𝑡𝑟 ≥ 𝑇𝑖 −
2𝑑2
𝐶0
 (5.4) 
The maximum valid reflected wave duration without overlapping with itself at Gauge 2 is 
subsequently governed by the time required for the reflected pulse to travel from the gauge 
to the impact end of the incident bar and reflected back again, covering a total distance of 
2(𝐿𝑖 − 𝑑2): 
 
𝑡𝑟 ≤
2(𝐿𝑖 − 𝑑2)
𝐶0
 (5.5) 
Thus, the valid duration of the reflected strain history as recorded from Gauge 2, 𝜀2(𝑡𝑟) is 
extracted by combining Equations (5.4) and (5.5): 
 
𝜀2(𝑡𝑟) = 𝜀2 (𝑇𝑖 −
2𝑑2
𝐶0
≤ 𝑡𝑟 ≤
2(𝐿𝑖 − 𝑑2)
𝐶0
) (5.6) 
For a typical test, the overlapping of incident and reflected pulses are observed to occur at 
Gauge 2. This superpositioning is present at the end of the incident and beginning of the 
reflected signal. From Equation (5.6), the valid time interval for the reflected wave where 
overlapping does not occur is calculated as 0.11 × 10-3 s ≤ 𝑡𝑟 ≤ 0.29 × 10-3 s, which is 
visualised in Figure 5.3. As expected, the front and back stress history of the specimen is 
unsynchronised prior a time of 0.11 ms (Figure 5.3). 
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Figure 5.3: Stress history of specimen front and back stresses (a) and incident and reflected wave histories 
(b) for data processed at Gauge 2. 
5.2.3 Pressure Wave Reconstruction from Gauges 1 and 2 
 
Considering the time boundaries delineated in Equations (5.3) and (5.4), it is evident that to 
collate the reflected strain history from both gauges into a single continuous reflected pulse 
without signal overlap the following condition must hold: 
 2𝑑1
𝐶0
≥ 𝑇𝑖 −
2𝑑2
𝐶0
 (5.7) 
No stress equilibrium 
Stress equilibrium 
Incident wave 
Reflected wave 
Overlap of 
incident and 
reflected 
waves 
(a) 
(b) 
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which is rearranged to give: 
 2(𝑑1 + 𝑑2)
𝐶0
≥ 𝑇𝑖 (5.8) 
Equations (5.1) and (5.8) thus present the maximum possible duration for any given loading 
pulse in order for the wave collation technique to be successfully implemented. The 
complete reflected wave strain history without overlapping effects, 𝜀𝑟(𝑡𝑟), can therefore be 
represented as the combination of strain measurements extracted from Gauges 1 (𝜀1) and 2 
(𝜀2) across their valid time intervals. 
 
𝜀𝑟(𝑡𝑟) = 𝜀1(0 ≤ 𝑡𝑟 ≤ 𝜁) ∪ 𝜀2(𝜁 < 𝑡𝑟 ≤ 𝜂) for 𝑇𝑖 ≤
{
 
 
 
 
2(𝑑1 + 𝑑2)
𝐶0 
2(𝐿𝑖 − 𝑑1)
𝐶0 }
 
 
 
 
 (5.9) 
where 𝛼 is an average between the upper and lower limits of 𝑡𝑟 for Equations (5.3) and (5.6) 
respectively and 𝛽 is the upper limit of Equation (5.6): 
 
𝜁 = (
𝑇𝑖
2
+
𝑑1 − 𝑑2
𝐶0
) 
𝜂 =
2(𝐿𝑖 − 𝑑2)
𝐶0
 
(5.10) 
For the specimen tested, Figure 5.4 shows the complete reconstructed strain history created 
from data collected at Gauges 1 and 2 as per Equation (5.9) with the positions of 𝛼 and 𝛽 
delineated. The transmitted pulse is also shown. Comparison between the front and rear 
specimen stresses subsequently indicates that excellent dynamic stress equilibrium is achieved 
for 𝑡𝑟 ≤ 𝛽, enabling the derivation of the dynamic stress-strain response of the specimen 
(Figure 5.5). The linear stress-strain behaviour observed for dry silica sand up to 60 MPa at 
high rates of strain is consistently reported throughout literature [7, 29, 32, 47], which 
confirms the veracity of the extracted result. It is therefore experimentally demonstrated that 
the wave collation technique is a valid solution for the elimination of wave overlapping 
effects occurring in short incident bars. 
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Figure 5.4: Incident and reflected wave histories (a) and stress history of specimen front and back stresses 
(b) for data reconstructed from Gauges 1 and 2.  
 
(a) 
(b) 
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Figure 5.5: Dynamic stress-strain behaviour of sand specimen at a strain rate of 900 s-1 extracted via the 
wave collation technique. 
5.3 Finite Element Validation1 
 
Finite element analyses have been established as an invaluable tool for the simulation of 
stress wave propagation in Hopkinson bar tests [107]. To numerically validate the wave 
collation technique employed, a full 3D FE model of the SHPB setup is constructed in 
Abaqus/Explicit [108]. The mesh comprises of reduced-integration linear hexahedral 
elements (C3D8R) with an average size of 2 mm, resulting in a total of 80880 elements 
sufficient to obtain a converged solution. The incident and transmitted bars are modelled via 
an isotropic elastic material model with 𝐸 = 210 GPa, 𝜌 = 7800 kg/m3 and 𝜈 = 0.3. The 
incident wave shown in Figure 5.2 was applied to the impact end of the incident bar as a 
stress pulse. 
For validation purposes, the expected dynamic specimen response is required. Therefore, the 
Crushable Foam material model with volumetric hardening is adopted, which mimics 
uniaxial compaction with confinement of the sand specimen by limiting lateral expansion 
                                                          
1 All work pertaining to the finite element validation of the wave collation technique as discussed within 
section 5.3 was performed by E. A. Flores-Johnson, currently affiliated with Catedrático CONACYT – 
Unidad de Materiales, Centro de Investigación Científica de Yucatán, Calle 43, No. 130 Col. Chuburná de 
Hidalgo, 97200 Mérida, Yucatán, México. 
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[108]. The elastic material parameters implemented are 𝐸𝑠 = 40 GPa, 𝜌𝑠 = 1540 kg/m3 and 
𝜈𝑠 = 0.0. The compression and hydrostatic yield stress ratio is taken as 𝑐 = 1 and 𝑐𝑡 = 0.1 
respectively, which is adequate for a material response dominated by compressive stress [109]. 
Additionally, the material hardening input curve is derived from experimental results as per 
Figure 5.5. The FE model along with a summary of material properties implemented for the 
SHPB and specimen are represented via Figure 5.6 and Table 5.1 respectively. 
 
Figure 5.6: Complete FE model of SHPB setup (a) with close up view on bar/specimen interface (b) and 
individual specimen (c). 
Table 5.1: FEM model parameters adopted for simulated Hopkinson bar and specimen. 
Bar Properties Specimen Properties 
𝑬 𝝆 𝝂 𝑬𝒔 𝝆𝒔 𝝂𝒔 
210 GPa 7800 kg/m3 0.3 40 GPa 1540 kg/m3 0.0 
 
As illustrated via Figure 5.7a, the FE simulations correlate exceptionally well with 
experimental waves and can successfully capture the superpositioning effect at both gauges. 
This confirms that the material model and input parameters adopted are appropriate to 
reproduce the experimental mechanical response of the sand specimen with the purpose of 
validating the proposed wave collation technique. The 1500 mm incident bar is subsequently 
extended to 2500 mm and converted into a typical single gauge setup (gauge is located at 
1100 mm from the specimen/incident bar interface) in the FE model. This allows for the 
observation of true incident and reflected wave histories without necessitating wave collation 
(a) 
(b) 
(c) 
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(the simulated incident bar is now of sufficient length to capture non-overlapping wave 
propagation). A comparison of the numerical results with experimental signals reconstructed 
from Gauges 1 and 2 (Figure 5.7b) demonstrates excellent synchronicity thus confirming the 
validity of the wave collation technique. 
 
 
Figure 5.7: Comparison between experimental and FE strain histories recorded at Gauges 1 and 2 (a) and 
after wave collation (b). 
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
-0.45 -0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25
St
ra
in
 x
 1
0
-3
Time (ms)
Experimental Gauge 1
Experimental Gauge 2
FEM for 1500mm Incident Bar Gauge 1
FEM for 1500mm Incident Bar Gauge 2
Gauge 1
Gauge 2
(a)
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
-0.45 -0.3 -0.15 0 0.15 0.3
St
ra
in
 x
 1
0
-3
Time (ms)
Experimental with Wave Collation
FEM for 2500mm Incident Bar
(b)
   
89 
 
5.4 General Applicability of the Wave Collation Technique 
 
The proposed technique of wave collation is intended for situations where the overlapping 
of incident and reflected stress waves occur in an incident bar that is unable to accommodate 
the full duration of a given input pulse. The method is designed as a rapid and direct 
approach to the wave superpositioning issue intermittently encountered by researchers 
working with the SHPB. The technique is most desirable when the loading pulse duration is 
dramatically increased due to pulse shaping and/or usage of a long striker bar in order to 
facilitate dynamic stress equilibrium and constant rate deformations in the specimen. Thus, 
the extraction of valid experimental data is made possible without alterations to the existing 
setup of the bars, which may prove impractical from an economic or logistical standpoint 
due to possible constraints within the testing environment. Additionally, the inherently 
simplistic nature of the technique underlines its accessibility to technicians and 
experimentalists across a broad spectrum of technical expertise. 
Succinct instructions for the general application of the method for any given SHPB setup is 
thus presented. Figure 5.8 illustrates the relationship between the maximum valid length 
(pulse duration times wave velocity) of the incident and reflected pulse relative to the 
incident bar length that can be supported by any given gauge configuration. The procedure 
for determining such lengths via the graph is summarised as follows: 
1. The position of Gauge 2 on the incident bar is selected via its 𝑑2/𝐿𝑖 ratio. This will 
determine the maximum valid length of the reflected pulse (relative to the length of 
the incident bar) indicated by the lower curve at the point touching each 𝑑2/𝐿𝑖 line 
which corresponds with the right y-axis. 
2. The location of Gauge 1 can then be chosen via selecting any point on the 𝑑2/𝐿𝑖 line 
picked in the previous step. The 𝑑1/𝑑2 ratio on the x-axis governs the positioning of 
Gauge 1 while the left y-axis denotes the maximum valid length of the incident wave 
(relative to the length of the incident bar). Both correspond to the chosen point on 
the 𝑑2/𝐿𝑖 line. 
For a single gauge placed at the midpoint ( 𝑑2/𝐿𝑖 = 0.5  and 𝑑1/𝑑2 = 1 ), Figure 5.8 
stipulates that the maximum incident and reflected wave length the incident bar can support 
without overlapping is equal to the length of the bar as expected: 
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 𝑇𝑖(𝑚𝑎𝑥)𝐶0 = 𝑇𝑟(𝑚𝑎𝑥)𝐶0 = 𝐿𝑖 (5.11) 
where 𝑇𝑖(𝑚𝑎𝑥) and 𝑇𝑟(𝑚𝑎𝑥) is the maximum duration of the incident and reflected waves that 
an incident bar of length 𝐿𝑖 can sustain without overlap represented in Equation (5.1) and 
the upper bound of Equation (5.6) respectively. If the incident pulse exceeds 𝐿𝑖 , a second 
gauge can extend the effective travel time of the pulse, and the maximum possible duration 
of the incident wave without overlap increases with decreasing ratios of 𝑑1/𝑑2 for a given 
Gauge 2 position. The minimum 𝑑1/𝑑2 ratio permitted for wave collation is governed by 
Equations (5.1) and (5.8) and is represented by the upper optimum curve in Figure 5.8. If an 
even longer incident pulse is to be implemented, Gauge 2 must be shifted closer to the 
impact end (𝑑2 must increase). This will however reduce the valid length of the reflected 
wave as demonstrated via the lower curve in Figure 5.8. 
 
Figure 5.8: Theoretical maximum length of incident waves for 𝑑1 and 𝑑2 configurations relative to length 
of incident bar compared with maximum valid length of reflected wave for 𝑑2 relative to length of 
incident bar. 
  
   
91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PART IV 
 
 
PARAMETERISATION AND 
DISCUSSION OF EXPERIMENTAL 
FINDINGS 
 
  
   
92 
 
CHAPTER SIX: Characterisation of Influencing Factors on the High Strain Rate Response of Partially Saturated Porous Media 
 
CHARACTERISATION OF INFLUENCING FACTORS 
ON THE HIGH STRAIN RATE RESPONSE OF 
PARTIALLY SATURATED POROUS MEDIA 
 
To obtain a holistic understanding on the dynamic behaviour of partially saturated porous 
media, the characterisation of experimental and material characteristics was undertaken via 
data extracted from SHPB testing. This chapter explores the interaction between the 
considered parameters associated with each material to quantify the extent of their 
contribution to the global stress-strain response, energy absorption, and grain crushing. Thus, 
the overarching objective of this dissertation can be effectively addressed. 
6.1 General Overview 
 
A summary of all SHPB experiments performed on the three materials considered (detailed 
in Section 4.1) is illustrated via Figure 6.1. Average strain rates implemented range from 800 
s-1 to 2100 s-1 (separated into four categories) with samples extending from dry to near 
complete saturation across five zones (0%, 25%, 50%, 75%, and 90%+). The initial dry 
density of Sydney sand was also varied from 1.46 g/cm3 to 1.69 g/cm3 while maintaining a 
constant rate of strain and confinement type. Additionally, the wall thickness and material 
adopted for the confinement sleeve was altered to simulate different levels of confinement 
rigidity on Sydney sand at a given strain rate and initial dry density. Such experiments enable 
the parameterisation of the global stress-strain response, energy absorption, and grain 
crushing for the porous materials considered. The extent to which various influencing factors 
affect the overall dynamic behaviour can therefore be quantified via further systematic data 
analyses. A broad framework demarcating the parameters attributed to their respective 
materials is shown via Figure 6.2. A complete summary of all SHPB tests conducted on 
Sydney sand, poorly graded glass beads, and well graded glass beads is tabulated in 
Appendices A, B, and C respectively. 
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Figure 6.1: Summary of experimental factors considered for each material tested via the SHPB. 
   
94 
 
 
Figure 6.2: Experimental parameters under consideration for individual materials adopted to assess the 
dynamic stress-strain response, energy absorption, and grain crushing of tested specimens as a function of 
saturation. 
6.2 Influence of Degree of Saturation 
 
The influence of saturation on the high strain rate behaviour of Sydney sand and poorly 
graded glass beads is investigated. The uniaxial stress-strain response is at first considered 
under an average strain rate of 1000 – 1300 s-1 across saturations ranging from dry to 90%+ 
for both materials. The effect of saturation on grain crushing is also subsequently explored 
for Sydney sand under steel confinement. 
6.2.1 Stress-Strain Response 
 
The influence of saturation on the dynamic response of Sydney sand and poorly graded glass 
beads was examined via altering the degree of saturation while maintaining a constant rate of 
strain. Figure 6.3 and Figure 6.4 illustrate the average stress-strain response of Sydney sand 
and glass beads at five degrees of saturation extending from 0% to 90%+ loaded at strain 
rates between 1000 – 1300 s-1 respectively. Their initial dry densities are respectively 1.57 
g/cm3 and 1.48 g/cm3, giving rise to a constant initial void ratio of 0.68. The dynamic 
response of pure water extracted from Veyera [74] is also specified. A total of six repeats 
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were conducted for each degree of saturation to which error bars are incorporated to denote 
the total data scatter for each averaged set.  
It is observed that for both materials, the overall trend in the stress-strain response is 
consistent with increasing water content. The most compliant behaviour for Sydney sand and 
glass beads is obtained at 25% saturation. Further addition of water generally results in an 
increase of the global stiffness which is consistent with findings reported in literature [7]. 
This behaviour is attributed to the effects of water lubrication reducing inter-particle friction 
at lower degrees of saturation, enabling grains to slide and rearrange with greater ease. 
Additional increases in saturation results in pore water assuming more load from the soil 
skeleton, making it increasingly difficult for grains to displace into the interstitial voids, thus 
increasing the overall stiffness [19]. A further consistency observed in the dynamic stress-
strain relations of Sydney sand and glass beads pertains to the initiation of water lock-up. 
The occurrence of lock-up behaviour, denoted as when the stiffness of a partially saturated 
porous system begins to synchronise with that of pure water, is clearly present in both 
materials at a saturation of 90%+ at an approximate strain of 0.08. Specimens at 75% 
saturation are also witnessed to rapidly approach the lock-up strain. The phenomenon 
reflects the transition of partially saturated granular materials into a two-phase system with 
the complete expulsion of pore air. As the total volume of air voids is inversely related to the 
moisture content, higher saturations therefore enable the elimination of pore air at lower 
strains [19, 65, 74]. This subsequently allows pore water to assume all load previously 
supported by the soil skeleton in facilitating a lock-up response. 
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Figure 6.3: Uniaxial stress-strain behaviour of Sydney sand with initial dry density 1.57 g/cm3 at an 
average strain rate of 1000 – 1300 s-1 for various saturations (response of water extracted from [74]). 
 
Figure 6.4: Uniaxial stress-strain behaviour of poorly graded glass beads with initial dry density 1.48 
g/cm3 at an average strain rate of 1000 – 1300 s-1 for various saturations (response of water extracted 
from [74]). 
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6.2.2 Consideration of Grain Crushing 
 
The particle gradation curves before and after impact at 1000 – 1300 s-1 for Sydney sand at 
saturations ranging from 25% to 90%+ under constant impact conditions are shown via 
Figure 6.5. A summary of gradation and breakage parameters adopted to determine the 
relative breakage potential at each degree of saturation is presented in Table 6.1. From Figure 
6.6, a linear trend is witnessed between the relative breakage potential and moisture content 
for Sydney sand with an increase in saturation facilitating a decrease in particle breakage. The 
inverse relationship between moisture content and grain crushing for partially saturated 
specimens is likely due to a rise in both lubrication and the percentage of load carried by 
pore water. The presence of water is naturally expected to reduce inter-particle friction which 
results in less surface grinding. As the moisture content is increased, the rise in pore pressure 
during compression at impact is expected to result in the reduction of contact stresses 
responsible for grain crushing [88]. At very high saturations, as more water begins to 
surround and exert pressure on the grains, the shear forces within the solid particles is 
anticipated to drastically decrease. This is on account of the isotropic nature of water 
exerting equal pressure in all directions on the grains for which it encapsulates. This decrease 
in shear force thus results in less grain splitting along potential asperities and geometric 
imperfections, corresponding to a reduction in overall breakage. 
 
Figure 6.5: Grain size distribution curves for Sydney sand confined with steel before and after impact at 
various saturations loaded at a strain rate of 1000 – 1300 s-1. 
0
10
20
30
40
50
60
70
80
90
100
0.010.11
P
e
rc
e
n
t 
p
as
si
n
g
Grain diameter (mm)
Original S=25% S=50% S=75% S=90%+
   
98 
 
Table 6.1: Gradation and breakage parameters for Sydney sand confined with steel after impact at a strain 
rate of 1000 – 1300 s-1 for various saturations. 
Saturation 𝝃 𝝀 D10 (mm) D30 (mm) D60 (mm) 𝑩𝒑 𝑩𝒕 𝑩𝒓 
25% 2.08 0.27 0.09 0.17 0.26 0.263 0.088 0.335 
50% 1.99 0.27 0.086 0.17 0.26 0.263 0.085 0.325 
75% 2.06 0.28 0.098 0.018 0.27 0.263 0.078 0.298 
90%+ 2.53 0.28 0.13 0.19 0.28 0.263 0.072 0.273 
 
 
Figure 6.6: Relative breakage potential for Sydney sand confined with steel after impact at various 
saturations loaded at a strain rate of 1000 – 1300 s-1. 
6.3 Effect of Particle Shape 
 
To examine the influence of particle shape, comparisons are created between the uniaxial 
stress-strain response of Sydney sand and poorly graded glass beads confined with steel at 
varying degrees of saturation. Optical magnification revealed that the surface texture of both 
materials is relatively smooth (Figure 6.7). However, the almost perfectly spherical nature of 
glass beads provides a distinct contrast to the irregular shape of Sydney sand. Discrepancies 
between their stress-strain behaviour is subsequently discussed under both dry and partially 
saturated conditions. 
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Figure 6.7: Sydney sand (a) and poorly graded glass beads (b) as viewed under an optical microscope. 
6.3.1 Consideration of Dry Behaviour 
 
In terms of mechanical properties, previous studies have shown that glass is typically softer 
than quartz sands. The Young’s modulus, Moh’s hardness, and fracture toughness of soda-
lime glass were reported as approximately 70 GPa [110], 5.5 [83], and 0.7 – 0.8 MPa-m0.5 [111] 
respectively, which are lower than the respective values of 90 GPa [112, 113], 7.0 [83], and 
0.8 – 3.6 MPa-m0.5 [112] for sand grains. The dry uniaxial stress-strain response at an average 
strain rate of 1000 – 1300 s-1 for Sydney sand and glass beads is depicted via Figure 6.8. As 
the mechanical properties of glass are typically softer than that of quartz sand, the uniaxial 
stress-strain response is expected to be less stiff. However, the opposite is observed with the 
constrained modulus of glass beads at 10% strain being approximately 2.6 times than that of 
Sydney sand at the same strain. This is likely attributed to the discrepancy in shape between 
the two types of grains. The spherical glass beads are less susceptible to breakage unlike the 
irregularly shaped sand grains exhibiting asperities susceptible to local stress concentrations 
with lower strength at its contact points [19]. Hence, the sand grains displaying greater 
angularity are expected to undergo more uniaxial deformation under the same stress relative 
to that of the rounded glass beads [114]. 
(b) (a) 
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Figure 6.8: Uniaxial stress-strain behaviour of Sydney sand and poorly graded glass beads with initial void 
ratio 0.68 at an average strain rate of 1000 – 1300 s-1 at 0% saturation. 
6.3.2 Consideration of Partially Saturated Behaviour 
 
As the intrinsic mechanical properties of each material are likely to be different, a direct 
comparison of the stress-strain behaviour between the specimens is likely to be misleading. 
Hence, the stress-strain response corresponding to each degree of saturation above dry is 
compared against the dry behaviour for both materials. The dry response is therefore 
adopted as a benchmark to relatively assess both specimens at any given saturation. 
Additional examination of Figure 6.3 and Figure 6.4 reveals that the reduction in stiffness at 
any given saturation relative to a saturation of 0% is seen to be drastically higher for glass 
beads when compared with Sydney sand. The engineering stress as a function of strain at a 
given saturation relative to the dry response is quantified using a concept referred here as the 
normalised stress ratio (NSR). The NSR (henceforth symbolised via Γ) as a function of strain 
for any material loaded under a given strain rate is defined as follows: 
 
Γ(𝜀𝑠) =
𝜎𝑠
𝑆(𝜀𝑠)
𝜎𝑠
0(𝜀𝑠)
 𝑓𝑜𝑟 𝜀𝑠 > 0.03 (6.1) 
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where 𝜎𝑠
𝑆(𝜀𝑠)  is the engineering stress for saturation 𝑆  at strain 𝜀𝑠  and 𝜎𝑠
0(𝜀𝑠)  is the 
engineering stress corresponding to 0% saturation at strain 𝜀𝑠. A NSR of unity implies that 
the stress at the corresponding strain is identical to the dry response. Figure 6.9 displays the 
NSR for Sydney sand and glass beads at a strain rate of 1000 – 1300 s-1 (CAT I) pertaining to 
degrees of saturation from 25% to 90%+. Before computing the NSR, third and fourth 
order polynomial relations are fitted onto the raw data for curve smoothing via filtering out 
unwanted fluctuations. Additionally, NSRs at strains close to zero are ignored as these 
boundary values are typically very large and of little relevance while distorting the overall 
trend. From Figure 6.9, it is evident that at any saturation the reduction in stiffness relative to 
the dry behaviour is much more significant for glass beads. At a strain of 0.1 for example, the 
stress at 25% saturation is approximately 35% and 95% of the dry stress for glass beads and 
Sydney sand respectively. 
It is suggested that the greater reduction in stiffness attributed to partially saturated glass 
beads may relate to the spherical nature of the individual grains. The lubricating effect of 
water in conjunction with almost perfectly spherical beads drastically increases the ease of 
particle rearrangement relative to the irregularly shaped Sydney sand grains. Furthermore, 
due to its spherical shape, each bead will exhibit a reduced surface area when compared 
against a particle of Sydney sand of a similar volume. This conforms to the basis of 
isoperimetric inequality in three-dimensional Euclidean space [115]. As a result, the same 
quantity of water will be in contact with a larger proportion of the total surface area for each 
bead and lubrication for each particle at a given degree of saturation is likely to be more 
uniform. A greater number of beads will also benefit from the lubrication phenomenon 
which promotes greater compliance relative to Sydney sand. Nevertheless, it must be stated 
that intrinsic differences in material composition between Sydney sand and glass beads may 
also contribute to the observed discrepancies. Further investigations involving identical 
materials exhibiting different geometries is therefore recommended to definitively evaluate 
the effect of particle shape on the overall dynamic response of partially saturated porous 
media. 
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Figure 6.9: Normalised stress ratio for Sydney sand (SP) and poorly graded glass beads (GP) with initial 
void ratio 0.68 confined with steel at an average strain rate of 1000 – 1300 s-1 for various degrees of 
saturation. 
6.4 Effect of Particle Gradation 
 
The dynamic stress-strain behaviour of both poorly and well graded glass beads is compared 
in order to evaluate the influence of gradation on the overall response. While most particles 
are expected to fall between 0.212 and 0.5 mm for poorly graded beads, the range of grain 
sizes in the well graded variety extend from smaller than 0.09 to above 1.18 mm (Figure 4.5). 
Optical magnification of both materials further acts to visually emphasise the discrepancy in 
gradation between the two specimens (Figure 6.10). 
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Figure 6.10: Poorly graded glass beads (a) and well graded glass beads (b) as viewed under an optical 
microscope. 
The uniaxial stress-strain relations for well graded glass beads confined with steel for 
saturations ranging from dry to 75% at average strain rates between 1000 – 1300 s-1 are 
depicted via Figure 6.11. Note that a saturation of 90%+ was unable to be achieved for well 
graded specimens due to excessive water loss. From Figure 6.11, the overall behavioural 
trend in response to increasing saturation is consistent with that observed for Sydney sand 
and poorly graded glass beads. The most compliant behaviour is witnessed at 25% saturation 
with higher saturations producing an increase in overall stiffness as water begins to occupy 
more voids. A direct comparison between the uniaxial stress-strain response of well graded 
and poorly graded glass beads loaded at an average strain rate of 1000 – 1300 s-1 across 
saturations from 0% to 75% is illustrated via Figure 6.12. It is observed that under dry 
conditions (Figure 6.12a), well graded glass beads exhibit softer behaviour during initial 
loading prior to a strain of approximately 0.1 relative to its poorly graded counterpart. Once 
the 10% strain threshold is reached however, the stiffness of well graded beads begins to 
exceed that of poorly graded specimens. This observation reflects the greater ease of particle 
rearrangement for well graded materials during initial load application due to the high 
concentration of fine grained particles present. It is known that grain rearrangement 
dominates the deformation mechanism for granular materials under relatively low pressures, 
whereas particle breakage typically govern at higher strains [46]. An initial relaxation of the 
stress-strain response followed by a rapid increase in stiffness as the well graded specimen 
densifies and becomes highly resistant to crushing is therefore expected for well graded 
samples. 
However, relationships between the dry stress-strain behaviour for well and poorly graded 
glass beads do not appear to extend into the partially saturated regime. Comparisons between 
(a) (b) 
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the average response of both materials between saturations of 25% and 75% (Figure 6.12b-d) 
reveal behaviour comparable with that of poorly graded specimens at lower strains (as 
indicated by the substantial overlapping of error bars) followed by a rise in stiffness at higher 
pressures. This response is likely attributed to the increased resistance to compression due to 
the occupation of air voids by pore water. The initial softening behaviour (relative to poorly 
graded glass beads) demonstrated via Figure 6.12a under dry conditions is not observed for 
well graded partially saturated specimens due to the greater difficultly in particle 
rearrangement under low pressures. As water begins to occupy the interstitial voids between 
the grains, pore water starts to assume load from the soil skeleton. The stress-strain 
behaviour of partially saturated well graded samples during the initial application of loading is 
therefore comparable with that of the poorly graded response at the same saturation. At 
higher pressures where grain crushing begins to occur, the greater resistance to crushing 
exhibited via the more monolithic structure of well graded glass beads [46] in conjunction 
with the load carrying capacity of pore water contributes to the sharp increase in stiffness 
when compared against its poorly graded counterpart. 
 
Figure 6.11: Uniaxial stress-strain behaviour of well graded glass beads with initial dry density 1.48 g/cm3 
at an average strain rate of 1000 – 1300 s-1 for various saturations (response of water extracted from [74]). 
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Figure 6.12: Uniaxial stress-strain comparison between well (GW) and poorly (GP) graded glass beads 
with initial void ratio 0.68 at an average strain rate of 1000 – 1300 s-1 for 0% (a), 25% (b), 50% (c), and 75% 
(d) saturation. 
6.5 Influence of Strain Rate 
 
The rate of applied strain is an often-overlooked parameter when considering its influence 
on the dynamic response of partially saturated porous media within literature. While previous 
researchers have tested dry sands under varying strain rates via the SHPB, little is currently 
known on how the introduction of moisture will affect the stress-strain response under 
different rates of strain. In response, the behaviour of Sydney sand and poorly graded glass 
beads under steel confinement across degrees of saturation ranging from dry to 90%+ are 
tested at average strain rates from 800 s-1 to 2100 s-1 in order to assess its overall influence. 
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This effectively enables observations on both the dry and partially saturated sensitivity of 
such materials to changes in the rate of loading. 
6.5.1 Effect of Strain Rate on Dry Porous Media 
 
Regarding the influence of strain rate on the stress-strain behaviour of dry sands, a general 
consensus is present in established literature. Many researchers examining the response of 
dry porous media under rates of strain from quasi-static up to 106 s-1 concluded that varying 
the strain rate produced a negligible effect on the overall stress-strain response [19, 29, 34, 35, 
46, 69]. This behaviour is similarly witnessed for all dry specimens tested as part of this 
research (Figure 6.13). Strain rates from CAT 0 (800 – 900 s-1) to CAT II (1500 – 1700 s-1) 
and CAT I (1000 – 1300 s-1) to CAT II (1500 – 1700 s-1) were implemented for Sydney sand 
and poorly graded glass beads respectively. As expected, the stress-strain behaviour is not 
affected by the shift in loading rate within the range considered. It was subsequently deemed 
unnecessary to perform further tests under CAT III (1900 – 2100 s-1) loading regimes on 
such materials as the expected behaviour is unlikely to change. 
Although the apparent lack of strain rate dependence of the mechanical response of dry 
granular materials is frequently reported, the mechanisms behind such a response are poorly 
understood and rarely discussed. Parab, Martin et al. [116] suggest that the time-consuming 
nature of grain crushing in conjunction with the susceptibility of particles to crushing at low 
stress levels govern the compressive stress-strain mechanics of dry sands. It was identified 
that for angular grains highly susceptible to crushing, an increase in the loading rate may 
result in a stiffer response [117]. This observation is thus attributed to the reduction in 
crushing associated with higher strain rates as insufficient time is available to facilitate 
extensive breakage amongst the grains, leading to a more elastic response. However, while it 
has been shown that increases in strain rate reflects a decrease in crushing [118], numerous 
experimental studies [19, 29, 34, 35, 46, 69] suggest the insensitivity of strain rate (and thus 
particle crushing) to the overall stress-strain behaviour. Omidvar, Iskander et al. [19] 
proposes that such observations may be a result of similar mechanical interactions between 
smaller crushed grains and larger particles. It is also suggested that crushing effects may 
require grains of a size much greater than that typically examined under the SHPB in 
addition to the small thickness of samples preventing the formation of shear bands [19]. The 
apparent insensitivity of the stress-strain behaviour of both dry Sydney sand and glass beads 
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to variations in loading rate is therefore reinforced by past high strain rate studies conducted 
on dry granular materials. 
  
Figure 6.13: Uniaxial stress-strain response of Sydney sand (a) and glass beads (b) with initial void ratio 
0.68 under dry conditions at various strain rates. 
6.5.2 Effect of Strain Rate on Partially Saturated Porous Media 
 
To evaluate the influence of strain rate on partially saturated behaviour, the uniaxial stress-
strain response of Sydney sand and poorly graded glass beads for saturations of 25%, 50%, 
75%, and 90%+ are extracted and compared under different rates of strain. All specimens 
were examined under average strain rates of CAT I (1000 – 1300 s-1), CAT II (1500 – 1700 s-
1), and CAT III (1900 – 2100 s-1). The results for each material at saturations from 25% to 
90%+ are shown respectively via Figure 6.14 to Figure 6.17. 
It is evident that unlike the dry response, changes in the rate of applied strain affect the 
stress-strain behaviour of the materials examined. The degree of saturation also appears to 
factor into the behaviour of partially saturated porous materials at different strain rates. 
between 25% (Figure 6.14) and 75% (Figure 6.16) initial saturation, a general trend is 
observed across both specimens. The softening of stress-strain behaviour occurs prior to the 
initiation of water lock-up as the rate of applied strain is increased. While there is little data in 
established literature directly confirming this phenomenon, a comparison between quasi-
static and high strain rate results (Figure 3.10) by Charlie, Ross et al. [67] and Martin and 
Chen [47] respectively provides some insight. It was witnessed that sands at 32% – 34% 
saturation underwent softening behaviour as the strain rate shifted from quasi-static into the 
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high strain rate regime. This observation is therefore consistent with that produced via SHPB 
testing under different strain rates for the materials pertaining to this study. However, the 
decrease in stiffness associated with a rise in strain rate does not appear to hold for all 
saturations across both Sydney sand and glass beads. As the degree of saturation is increased 
to 90%+, both materials do not demonstrate strain rate dependency. The stress-strain 
response is synchronised across all rates of strain for specimens approaching complete 
saturation as demonstrated by the substantial overlapping of error bars across the entire 
loading range. 
Therefore, it is suggested that the proportion of load sustained by the soil skeleton and pore 
water shifts with changes in the rate of applied loading. Unlike dry sands, partially saturated 
granular materials are three-phase systems with both pore water and solid grains contributing 
to the overall load resisting mechanism. As the rearrangement and subsequent crushing of 
particles is generally easier than the compression of pore water, a greater contribution from 
the solid phase is expected to yield a more compliant response. Hence, at lower strain rates, 
more load is likely sustained by the pore water which contributes to stiffer behaviour. As the 
rate of strain is increased, the soil skeleton assumes a greater portion of the total load during 
the initial phase of loading to which a relaxation in the stress-strain response is witnessed. 
This greater contribution of the solid phase in response to increasing rates of strain is 
possibly attributed to the influence of inertia. As the density of individual particles is much 
greater than that of water, higher strain rates may result in the amplification of inertial effects 
on the grains. This in turn leads to the increased excitation of particles and subsequent 
mobilisation of the soil skeleton, ultimately resulting in a higher contribution of the solid 
phase to the overall load resisting mechanism relative to pore water. However, once the 
moisture content approaches complete saturation, the load sustained by the water and soil 
structure may be similar across the entire loading duration due to the rapid initiation of water 
lock-up. Thus, no significant changes are observed in the stress-strain relations at different 
strain rates for highly saturated specimens within the range considered. Additional analyses 
on dynamic solid-fluid interactions at the mesoscale is evidently required to further 
understand the mechanism governing the high strain rate response of partially saturated 
porous materials. 
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Figure 6.14: Uniaxial stress-strain response of Sydney sand (a) and glass beads (b) at 25% saturation at 
various strain rates. 
  
Figure 6.15: Uniaxial stress-strain response of Sydney sand (a) and glass beads (b) at 50% saturation at 
various strain rates. 
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Figure 6.16: Uniaxial stress-strain response of Sydney sand (a) and glass beads (b) at 75% saturation at 
various strain rates. 
  
Figure 6.17: Uniaxial stress-strain response of Sydney sand (a) and glass beads (b) at 90%+ saturation at 
various strain rates. 
6.6 Influence of Initial Dry Density 
 
Alterations to the initial dry density of a partially saturation sample effectively changes the 
initial void ratio. Henceforth, different quantities of water are required to produce the same 
degree of saturation for specimens of varying densities. The significance of initial dry density 
on the stress-strain behaviour of partially saturated porous media has received scant attention 
within established literature. In response, SHPB tests were performed on Sydney sand 
confined with steel at initial densities of 1.46 g/cm3 (low), 1.57 g/cm3 (medium), and 1.69 
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g/cm3 (high) under an average strain rate of CAT I (1000 – 1300 s-1). Degrees of saturation 
were varied from 0% up to 90%+ across all three densities. 
6.6.1 Effect of Moisture Content at Different Initial Dry Densities 
 
Figure 6.18 and Figure 6.19 respectively show the uniaxial dynamic stress-strain response of 
Sydney sand under CAT I strain rates across different saturations for initial dry densities of 
1.46 g/cm3 and 1.69 g/cm3. The response at an initial density of 1.57 g/cm3 is depicted via 
Figure 6.3. It is seen that the overall trend in terms of increasing saturation on the partially 
saturated stiffness is similar across all densities with the most compliant behaviour occurring 
at 25% saturation. However, the response of partially saturated specimens relative to the dry 
behaviour is observed to vary as a function of initial dry density. In general, it appears that 
the partially saturated stiffness prior to water lock-up relative to the dry stiffness is inversely 
related to the initial dry density. As the dry density is steadily increased, a softening response 
is witnessed for the partially saturated samples when compared against the dry behaviour. 
This trend can be further visualised via the normalised stress ratio comparison between the 
three different densities (Figure 6.20). At a strain of 0.1, the stress corresponding to 25% 
saturation decreases from 105% to 90% to 80% of the dry stress as the density shifts from 
low to high respectively. 
This behaviour is likely attributed to the fact that a greater quantity of water is required to 
obtain the same degree of saturation as the initial dry density decreases. This may 
subsequently result in pore water assuming a greater portion of the total applied load at any 
given strain prior to lock-up. Hence, an increase in stiffness for the entire partially saturated 
soil/water matrix will be observed as a consequence. On the contrary, for specimens with 
high initial dry densities, the volume of water is reduced. The soil skeleton will therefore 
sustain a greater load quota, giving rise to a relaxation of the overall stress-strain response 
relative to the dry behaviour. 
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Figure 6.18: Uniaxial stress-strain behaviour of Sydney sand with initial dry density 1.46 g/cm3 at an 
average strain rate of 1000 – 1300 s-1 for various saturations (response of water extracted from [74]). 
 
Figure 6.19: Uniaxial stress-strain behaviour of Sydney sand with initial dry density 1.69 g/cm3 at an 
average strain rate of 1000 – 1300 s-1 for various saturations (response of water extracted from [74]). 
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Figure 6.20: Normalised stress ratio for Sydney sand under steel confinement at an average strain rate of 
1000 – 1300 s-1 for various degrees of saturation across low, medium, and high initial dry densities. 
6.6.2 Effect of Initial Dry Density at Different Moisture Contents 
 
The influence of initial dry density on the dynamic stress-strain behaviour of Sydney sand at 
different degrees of saturation is depicted in Figure 6.21. Under dry conditions, the overall 
stiffness increases with higher densities and is consistent with previous findings in literature 
[29, 31, 32, 34]. This response is expected as higher initial densities correspond to a reduction 
in the porosity. A greater extent of inter-particle contact is thus facilitated with its internal 
structure shifting closer to that of a monolithic material, leading to a rise in material stiffness. 
In terms of the partially saturated response, a similar trend is observed with increasing initial 
dry density corresponding to an increase in stiffness. This behaviour is present across all 
saturations considered prior to the initiation of water lock-up. As the deformation at 
relatively low strains is predominately governed by the soil skeleton, the influence of initial 
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dry density on the stress-strain response during the initial stage of load application is 
expected to be consistent with that of dry specimens. It is thus demonstrated that a power 
law model can be specified to predict the stress-strain response of partially saturated porous 
media before lock-up at different densities similar to that utilised by Luo, Lu et al. [32] for dry 
sands: 
 
𝜎𝑠(𝜀𝑠 , 𝜌𝑠) = (
𝜌𝑠
𝜌0
)
𝑛
𝜎𝑠(𝜀𝑠 , 𝜌0) (6.2) 
where 𝜎𝑠(𝜀𝑠 , 𝜌𝑠) is the stress corresponding to strain 𝜀𝑠 at initial dry density 𝜌𝑠 for a given 
degree of saturation. 𝜎𝑠(𝜀𝑠 , 𝜌0) is the stress at strain 𝜀𝑠  for a reference initial dry density 
taken in the current context as 1.46 g/cm3 at the same saturation. 𝑛 is the best fit exponent 
factor for the saturation considered determined via the square root of sum squared (RSS) 
optimisation method, where 𝑛 is the value for which the following function is at a minimum:  
 
1
𝑚
∑√ ∑ [𝜎𝑠(𝜀𝑠,𝑗 , 𝜌𝑠,𝑖) − (
𝜌𝑠,𝑖
𝜌0
)
𝑛
𝜎𝑠(𝜀𝑠,𝑗 , 𝜌0)]
2
𝑝(𝜌𝑠,𝑖)
𝑗=1
𝑚
𝑖=1
 (6.3) 
where 𝑖 denotes the number of densities considered above the reference density and 𝑗 is the 
percent engineering strain. In this study, since initial dry densities of 1.57 g/cm3 and 1.69 
g/cm3 (in addition to the reference density of 1.46 g/cm3) where examined, 𝑚 = 2 with 𝜌𝑠,1 
and 𝜌𝑠,2  corresponding to the lower and higher densities respectively. 𝑝 is the maximum 
percent strain obtained for a given density 𝜌𝑠,𝑖 . The best fitting curves predicted by Equation 
(6.2) for medium and high density specimens by using the reference density of 1.46 g/cm3 as 
a baseline is marked on Figure 6.21. The best fit exponents corresponding to each degree of 
saturation as determined via Equation (6.3) are also delineated (Figure 6.22).  
Examination of Figure 6.22 reveals a reduction in 𝑛 with increasing water saturation. This 
implies that as specimens become increasingly saturated, the relative increase in magnitude of 
the sample stiffness with initial dry density decreases prior to the initiation of water lock-up. 
It is likely that this behaviour is attributed to the effects of water lubrication reducing inter-
particle friction, in conjunction with the increasing contribution of the liquid phase in 
supporting the applied load. It is known that increasing saturation promotes greater sample 
compliance in the form of moisture lubrication up to a certain saturation threshold. When 
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exceeded, the stiffening of stress-strain behaviour occurs as a higher portion of the total load 
is effectively transferred to the highly stiff liquid phase [7]. As less water is required to 
achieve any given saturation for specimens exhibiting higher initial dry densities, the 
saturation threshold for when the stiffness of pore water begins to counteract the effects of 
lubrication is expected to be greater than lower dry density specimens. Hence, as the 
saturation is increased, high dry density specimens often still benefit from the softening 
influence of water lubrication, while lower dry density samples experience stiffening 
behaviour with pore water resisting load. Relative changes in the overall stress-strain 
response, observed across different densities, therefore decrease with increasing saturation as 
reflected by the inverse relationship between the exponent, 𝑛 , and saturation. Further 
evidence of this phenomenon may be highlighted via the normalised stress ratio (NSR) 
across all three densities. It is seen in Figure 6.20 that the stiffness of partially saturated 
specimens relative to their dry response generally increases with decreasing specimen density 
at any given saturation. The increasing contribution of pore water in sustaining the applied 
load for lower density samples is thus witnessed, reflecting the phenomenon illustrated via 
Figure 6.22. 
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Figure 6.21: Experimental stress-strain response of Sydney sand at different initial dry densities under 
steel confinement at an average strain rate of 1000 – 1300 s-1 for 0% (a), 25% (b), 50% (c), 75% (d), and 
90%+ (e) saturations. Predicted behaviour (dashed line) for medium and high densities before lock-up are 
also indicated. 
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Figure 6.22: Best fit exponents for Sydney sand at each degree of saturation for the power law prediction 
model. 
6.6.3 Consideration of Energy Absorption 
 
The energy absorption properties of Sydney sand confined via steel at various initial dry 
densities and saturations are further evaluated. To date, few studies have focused on 
exploring such characteristics of granular media under high strain rate loading conditions 
[113], to which the incorporation of pore water introduces yet more uncertainties. The 
energy absorption density (𝑊) is computed as the area under the stress-strain curve up to a 
given peak stress, and is quantified against the applied longitudinal stress [119]. 
Figure 6.23 denotes the energy absorption of Sydney sand at low (1.46 g/cm3), medium (1.57 
g/cm3), and high (1.69 g/cm3) initial densities across saturations from 0% to 90%+. It is 
observed that for saturations up to 50% (Figure 6.23a-c), the energy density across all three 
initial densities tends towards an asymptotic value with increasing peak longitudinal stress. 
The energy density also decreases with increasing dry density during the initial application of 
loading for a given saturation. The increase in energy absorption associated with specimens 
exhibiting lower initial dry densities is likely attributed to the greater degree of 
compressibility. The looser configuration of grains present in such samples facilitates greater 
ease in the rearrangement of particles during the initial application of loading. This effectively 
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enables higher strains to be achieved under a given compressive stress. The increased 
mobilisation of grains for specimens of lower densities therefore allow more energy to be 
dissipated via inter-particle friction through the greater extent of geometric interference. As 
the stress is further increased however, the energy absorption across all three densities begins 
to converge as a highly compacted state is effectively created within each sample, inhibiting 
further rearrangement. Any additional compression must therefore be achieved through 
grain crushing to which the associated energy absorption remains relatively constant across 
all initial dry densities considered. In terms of specimens exhibiting saturations above 75% 
(Figure 6.23d-e), a divergence in energy absorption is witnessed after the stress at which all 
three densities converge. The convergence stress is also noticed to be approximately 35 MPa 
and 20 MPa for samples at 75% and 90%+ saturation respectively. The increase in energy 
absorption with initial dry density past the convergence stress reflects the contribution of 
pore water in resisting the applied load. As the fluid to solid ratio required to achieve a given 
saturation is lower for specimens exhibiting higher initial dry densities, the reduced water 
contribution in sustaining compression thus results in a higher proportion of the total load 
being supported by the grains. The greater compressibility of the grains (primarily attributed 
to crushing under high stresses) in relation to pore water is therefore expected to facilitate an 
increase in energy absorption for samples exhibiting higher initial dry densities.  
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Figure 6.23: Energy absorption of Sydney sand at different initial dry densities under steel confinement at 
an average strain rate of 1000 – 1300 s-1 for 0% (a), 25% (b), 50% (c), 75% (d), and 90%+ (e) saturations. 
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6.6.4 Consideration of Grain Crushing 
 
The influence of initial dry density on particle crushing was quantified via comparing the 
relative breakage potential for Sydney sand under steel confinement at low (1.46 g/cm3), 
medium (1.57 g/cm3), and high (1.69 g/cm3) initial dry densities after impact at a strain rate 
of 1000 – 1300 s-1. Grading curves pertaining to saturations of 25%, 50%, 75%, and 90%+ 
for low and high density specimens are illustrated in Figure 6.24 and Figure 6.25 respectively, 
which can be matched with the particle distribution curves for medium density samples 
(Figure 6.5). The gradation and breakage parameters at each degree of saturation for all three 
densities are summarised via Table 6.2. 
It can be seen that the extent of particle breakage increases with initial dry density at any 
given saturation (Figure 6.26). As expected, a negative linear relationship is also observed 
with increasing moisture content. It has been previously suggested that loose sands are likely 
more susceptible to crushing due to higher stresses accumulated at fewer contact points [19]. 
However, this view has not always held true in practice for uniaxial SHPB tests conducted on 
dry sands at different initial densities [31]. The observation of reduced breakage with 
decreasing density for partially saturated specimens seen here is likely related to the presence 
of pore water reducing surface grinding between particles and lowering shear forces within 
grains (as explained in Subsection 6.2.2). An increase in initial dry density corresponds with a 
decrease in the total volume of water required to achieve any given degree of saturation. This 
in turn lowers the involvement of water in limiting crushing behaviour. Hence, it is reflected 
in Figure 6.27 that the negative gradient of the breakage potential increases with decreasing 
density, reflecting a greater contribution of pore water in reducing overall crushing for 
specimens with higher water to grain ratios. 
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Figure 6.24: Grain size distribution curves for Sydney sand confined with steel at initial dry density 1.46 
g/cm3 before and after impact at various saturations loaded at a strain rate of 1000 – 1300 s-1. 
 
Figure 6.25: Grain size distribution curves for Sydney sand confined with steel at initial dry density 1.69 
g/cm3 before and after impact at various saturations loaded at a strain rate of 1000 – 1300 s-1. 
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Table 6.2: Gradation and breakage parameters for Sydney sand confined with steel at low (1.46 g/cm3), 
medium (1.57 g/cm3), and high (1.69 g/cm3) initial dry densities after impact at a strain rate of 1000 – 
1300 s-1 for various saturations. 
Initial 
Density 
Saturation 𝝃 𝝀 D10 
(mm) 
D30 
(mm) 
D60 
(mm) 
𝑩𝒑 𝑩𝒕 𝑩𝒓 
1.46 
g/cm3 
25% 1.89 0.28 0.078 0.17 0.27 0.263 0.082 0.311 
50% 1.91 0.28 0.08 0.17 0.27 0.263 0.081 0.307 
75% 2.10 0.29 0.1 0.18 0.28 0.263 0.066 0.253 
90%+ 2.31 0.30 0.12 0.19 0.29 0.263 0.061 0.232 
1.57 
g/cm3 
25% 2.08 0.27 0.09 0.17 0.26 0.263 0.088 0.335 
50% 1.99 0.27 0.086 0.17 0.26 0.263 0.085 0.325 
75% 2.06 0.28 0.098 0.018 0.27 0.263 0.078 0.298 
90%+ 2.53 0.28 0.13 0.19 0.28 0.263 0.072 0.273 
1.69 
g/cm3 
25% 1.85 0.27 0.07 0.16 0.26 0.263 0.087 0.330 
50% 1.93 0.26 0.07 0.16 0.25 0.263 0.091 0.348 
75% 1.84 0.26 0.06 0.16 0.25 0.263 0.094 0.356 
90%+ 2.02 0.29 0.1 0.18 0.28 0.263 0.074 0.280 
 
 
Figure 6.26: Relative breakage potential for Sydney sand confined with steel at low (1.46 g/cm3), medium 
(1.57 g/cm3), and high (1.69 g/cm3) initial dry densities after impact at various saturations loaded at a 
strain rate of 1000 – 1300 s-1. 
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Figure 6.27: Gradient of the relative breakage potential as a function of saturation for partially saturated 
Sydney sand at various initial dry densities under steel confinement. 
6.7 Influence of Confinement Environment 
 
The high strain rate response of all specimens up until this point has been derived under 
uniaxial compressive conditions achieved via steel confinement inhibiting lateral expansion. 
Hence, the influence of confinement environment on the stress-strain behaviour of partially 
saturated porous media is subsequently explored. This is accomplished by examining Sydney 
sand at a constant initial density of 1.57 g/cm3 (void ratio = 0.68) placed within tubes 
manufactured from both steel and polycarbonate at an average strain rate of 1000 – 1300 s-1. 
The polycarbonate tubes exhibit wall thicknesses of 2.0 mm and 3.5 mm to alter the 
confinement rigidity on the loaded specimen. 
6.7.1 Effect of Moisture Content under Different Confinements 
 
The stress-strain behaviour of Sydney sand at saturations ranging from 0% to 90%+ for 
specimens confined via polycarbonate sleeves with wall thickness 2.0 mm and 3.5 mm are 
depicted in Figure 6.28 and Figure 6.29 respectively. When compared against the response of 
Sydney sand under steel confinement (Figure 6.3), the general relationship between 
saturation and stiffness relative to the dry response appears to be consistent. The most 
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compliant behaviour observed for all three confinement types correspond to a saturation of 
25% with increasing moisture content facilitating a stiffer response. However, the reduction 
in stiffness when compared against the dry behaviour for partially saturated specimens is 
generally noticed to be greater for polycarbonate sleeves. Considering the normalised stress 
ratio (Figure 6.30) at a strain of 0.1 and 25% saturation, the stress for samples within 2.0 mm 
polycarbonate, 3.5 mm polycarbonate, and steel is approximately 65%, 80%, and 95% of the 
dry stress respectively. This behaviour is expected as sleeves with less rigidity impart lower 
confinement pressures which subsequently result in greater lateral expansion with 
longitudinal compression. This expansion thus relieves stress within the specimen and 
facilitates increased geometric interference in the form of rolling/climbing (dilation) and the 
rearrangement of grains [19], leading to a more compliant specimen response. 
Evidently, a key difference in the stress-strain behaviour between Sydney sand confined with 
steel and polycarbonate pertains to the behaviour at 75% and 90%+ saturation. While lock-
up is witnessed under steel confinement, such a response is not seen for samples within 
polycarbonate sleeves. Potential factors contributing to this behaviour is further discussed in 
Subsection 6.7.2. 
 
Figure 6.28: Stress-strain behaviour of Sydney sand with initial dry density 1.57 g/cm3 at an average strain 
rate of 1000 – 1300 s-1 for various saturations confined with 2.0 mm thick polycarbonate tube. 
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Figure 6.29: Stress-strain behaviour of Sydney sand with initial dry density 1.57 g/cm3 at an average strain 
rate of 1000 – 1300 s-1 for various saturations confined with 3.5 mm thick polycarbonate tube. 
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Figure 6.30: Normalised stress ratio for Sydney sand at initial dry density 1.57 g/cm3 under an average 
strain rate of 1000 – 1300 s-1 for various degrees of saturation confined with 3.5 mm thick steel, and 2.0 
mm and 3.5 mm thick polycarbonate tubes. 
6.7.2 Effect of Confinement at Different Moisture Contents 
 
Previous results reported in literature extracted from SHPB testing on dry sands under 
different confinement environments indicate an increase in stiffness as the rigidity of the 
confinement sleeve is increased [29, 31, 34, 69]. This behaviour is attributed to greater 
frictional resistance between sand particles resulting from the amplification of the overall 
stress environment in the confined specimen [19]. However, the influence of confinement 
on partially saturated porous media is seldom explored. 
Figure 6.31 portrays the stress-strain response of Sydney sand across saturations ranging 
from dry to 90%+, confined using both steel and polycarbonate sleeves. The confinement 
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sleeve radial strains are also calculated via Equation (2.45). Note, however, that the radial 
strains at 90%+ saturation for the 2.0 mm polycarbonate tube cannot be calculated because 
the circumferential strains exceeded the maximum strain limit of the gauge. The uniaxial 
strain compressive behaviour of pure water under high strain rate loading conditions 
reported by Veyera [74] is also included for comparison. It is revealed that the radial 
expansion of the polycarbonate sleeves is significantly higher than that of steel across all 
saturations, which exhibits near-uniaxial behaviour. In terms of the stress-strain response, it 
is seen that for saturations up to 50%, lock-up does not occur inside the loaded strain range 
for specimens confined within all tubes. As the confinement rigidity is increased, a 
corresponding rise in sample stiffness is observed which is consistent with findings in 
present literature. It is thus witnessed that water contents within 50% saturation does not 
appear to drastically alter the general relationship between longitudinal stress-strain 
behaviour and confinement pressure within approximately 20% strain. Subsequently, as the 
initial degree of saturation is increased to 75%, water lock-up is observed for samples 
confined with steel. This behaviour is not seen however, for tests conducted with 
polycarbonate tubes. Evidently, a lock-up response is once again witnessed for specimens 
inside the steel chamber at 90%+ saturation while polycarbonate samples still fail to 
demonstrate this behaviour within the strain range achieved. However, it is noticed that the 
average stiffness of Sydney sand confined with polycarbonate prior to lock-up at 90%+ 
saturation is in fact slightly higher than that confined via steel. This is likely due to pore water 
facilitating lateral expansion of the polycarbonate sleeve immediately after load application. 
On the contrary, longitudinal deformation of specimens confined using steel during the pre-
lock-up phase is governed mainly by the rearrangement and crushing of grains. This 
behaviour is therefore expected to be more compliant than radial expansion of the 
confinement wall. 
An explanation for why lock-up fails to occur for specimens inside polycarbonate tubes is 
most likely attributed to the lack of lateral stiffness of the confining material. As highly 
saturated samples are loaded longitudinally, the build-up of water pressure will force lateral 
expansion of the confinement sleeve. As a consequence, the pure longitudinal compression 
of water defining a lock-up response will not occur as uniaxial conditions are not maintained. 
This is in direct contrast with steel confinement given that it is effectively “easier” to 
compress pore water, and thus give rise to a state of lock-up, than it is for water to induce 
significant lateral expansion of the cylinder wall under dynamic conditions. 
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Figure 6.31: Longitudinal stress in MPa (left axis/solid line) and radial strain (right axis/dashed line) 
against the longitudinal strain of Sydney sand at initial dry density 1.57 g/cm3 confined with steel, and 
polycarbonate tubes of wall thickness 2.0 mm and 3.5 mm at average strain rates between 1000 and 1300 
s-1 for 0% (a), 25% (b), 50% (c), 75% (d), and 90%+ (e) saturations. Uniaxial stress-strain response of 
pure water under high strain rate conditions denoted via dotted line (extracted from [74]). 
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6.7.3 Consideration of Energy Absorption 
 
The energy absorption of Sydney sand is subsequently considered in terms of the 
confinement environment. Figure 6.32 indicates the energy density against the peak stress for 
specimens confined via steel, 3.5 mm thick PC, and 2.0 mm thick PC tubes for saturations 
ranging from 0% to 90%+. As effective uniaxial conditions are no longer maintained for 
samples placed within polycarbonate tubes, the energy absorption associated with lateral 
expansion is also taken into consideration and incorporated into Figure 6.32. It is seen that 
across all saturations, a decrease in confinement rigidity generally results in an increase in 
energy absorption. This is likely associated with higher sample compressibility for specimens 
confined via polycarbonate tubes, which allows for noticeable lateral expansion during 
longitudinal compression. The increased degree of mobilisation thus facilitates greater energy 
absorption via inter-particle friction resulting from the rearrangement of the grains. 
Additionally, the increased flexibility of polycarbonate confinement chambers also 
contributes to the higher energy density at a given peak stress as more energy is effectively 
dissipated through expansion of the tube. This provides a distinct contrast to the largely 
uniaxial response witnessed for specimens contained within the rigid steel cylinder. 
At higher saturations (Figure 6.32d-e), more divergence in energy density is witnessed 
between specimens confined via polycarbonate and steel under high stresses. This can 
primarily be attributed to pore water exerting pressure on the surrounding chamber under 
compression. For polycarbonate tubes, the rise in pore water pressure amplifies the 
expansion of the cylinder wall, resulting in a substantial increase in energy absorption by the 
tube. However, the rigidity associated with the steel chamber effectively prohibits significant 
expansion, resulting in the manifestation of water lock-up occurring within the specimen. 
This lock-up response sharply reduces sample compressibility as water is sustaining all load 
under effective uniaxial compressive conditions. Hence, discrepancies in the extent of lateral 
expansion of the confinement tubes under the influence of pore water pressure ultimately 
translate to the observed divergence in energy absorption for highly saturated specimens. 
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Figure 6.32: Energy absorption of Sydney sand at initial dry density 1.57 g/cm3 under different 
confinement environments at an average strain rate of 1000 – 1300 s-1 for 0% (a), 25% (b), 50% (c), 75% 
(d), and 90%+ (e) saturations. 
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6.7.4 Consideration of Confinement Pressure 
 
The maximum confinement pressure achieved for specimens contained within steel and 
polycarbonate tubes under saturations from 0% to 90%+ at an average strain rate of 1000 – 
1300 s-1 is subsequently quantified. This is achieved through capturing circumferential strains 
on the outer face of the cylinder wall using a strain gauge (Figure 4.10) then calculating the 
confinement stress history via the tube properties shown in Table 6.3. However, the 
confinement pressure at 90%+ saturation for specimens confined via the 2.0 mm 
polycarbonate tube was unable to be extracted as the circumferential strains exceeded the 
maximum strain limit of the gauge. From Figure 6.33, it is seen that the maximum specimen 
confinement pressure obtained increases with higher containment rigidity for a given degree 
of saturation. Additionally, the lowest confinement pressure observed across all three types 
of tubing correspond to a saturation of 25%. At this saturation, the softest longitudinal 
stress-strain behaviour is also witnessed for samples contained within steel and 
polycarbonate chambers (Figure 6.30). This observation likely pertains to the increased 
compressibility of specimens saturated to 25% due to the influence of water lubrication. 
Hence, the additional degree of compliance in longitudinal compression introduced via water 
lubrication is expected to result in reduced lateral expansion of the specimen. This effectively 
reduces the Poisson’s ratio of the soil-water matrix, leading to an overall reduction in the 
confinement pressure. As the saturation is further increased beyond 25% however, the 
maximum confinement pressure is noticed to increase. This is attributed to the greater 
contribution of pore water in resisting the applied load. The increased occupation of 
interstitial voids by water forces the lateral migration solid grains under longitudinal 
compression, hence facilitating more radial expansion of the confinement tube. A 
corresponding increase in confinement pressure is therefore expected at higher saturations. 
Table 6.3: Geometric and material properties of specimen containment tubes implemented for the 
computation of confinement pressure. 
 Outer diameter Inner diameter 𝑬𝒄 𝝂𝒄 
2.0 mm PC 19.05 mm 15.05 mm 2300 MPa 0.38 
3.5 mm PC 22.05 mm 15.05 mm 2300 MPa 0.38 
Steel 22.05 mm 15.05 mm 205000 MPa 0.3 
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Figure 6.33: Maximum confinement pressure achieved for Sydney sand at initial dry density 1.57 g/cm3 
within steel and polycarbonate confinement tubes at various saturations under an average strain rate of 
1000 – 1300 s-1. 
6.7.5 Consideration of Grain Crushing 
 
The examination of grain crushing on Sydney sand at an initial dry density of 1.57 g/cm3 
confined within steel and polycarbonate tubes was implemented to evaluate the influence of 
confinement pressure on breakage. Saturations of 25%, 50%, 75%, and 90%+ were 
considered under an average strain rate of 1000 – 1300 s-1 for which the grading curves for 
2.0 mm and 3.5 mm polycarbonate confinement are depicted via Figure 6.34 and Figure 6.35 
respectively. The gradation and breakage parameters for both degrees of saturation for all 
three types of lateral confinement are summarised via Table 6.4. 
It has been demonstrated that an increase in confinement pressure results in greater particle 
crushing in dry sands under high strain rate loading up to a certain confinement threshold 
[31]. Lu, Luo et al. [31] identified that samples of dry Eglin sand at an initial dry density of 
1.75 g/cm3 loaded at 600 – 700 s-1 experienced more crushing up to a maximum 
confinement pressure of 35 MPa. No additional breakage was observed as confinement was 
further increased beyond this threshold. An increase in grain crushing with confinement is 
also reflected in Sydney sand for all saturations between 25% and 90%+ (Figure 6.36). As the 
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confinement is increased from chambers manufactured with 2.0 mm to 3.5 mm thick 
polycarbonate and finally to steel, the relative breakage potential is seen to rise across all 
saturations. This seems to imply that the maximum lateral pressure threshold for which no 
further crushing is observed with additional increases in confinement has not been reached 
for the polycarbonate tubes. 
 
Figure 6.34: Grain size distribution curves for Sydney sand at initial dry density 1.57 g/cm3 before and 
after impact at 25%, 50%, 75%, and 90%+ saturation confined using 2.0 mm thick polycarbonate tube at 
a strain rate of 1000 – 1300 s-1. 
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Figure 6.35: Grain size distribution curves for Sydney sand at initial dry density 1.57 g/cm3 before and 
after impact at 25%, 50%, 75%, and 90%+ saturation confined using 3.5 mm thick polycarbonate tube at 
a strain rate of 1000 – 1300 s-1. 
Table 6.4: Gradation and breakage parameters for Sydney sand at initial dry density 1.57 g/cm3 confined 
with 3.5 mm thick steel, and 2.0 mm and 3.5 mm thick polycarbonate tubes after impact at a strain rate of 
1000 – 1300 s-1 for 25%, 50%, 75%, and 90%+ saturation. 
Confinement Saturation 𝝃 𝝀 D10 
(mm) 
D30 
(mm) 
D60 
(mm) 
𝑩𝒑 𝑩𝒕 𝑩𝒓 
2.0 mm PC 
25% 2.31 0.30 0.12 0.19 0.29 0.263 0.067 0.254 
50% 2.20 0.29 0.11 0.18 0.28 0.263 0.073 0.277 
75% 2.28 0.30 0.12 0.19 0.29 0.263 0.062 0.235 
90%+ 2.48 0.31 0.13 0.2 0.3 0.263 0.055 0.210 
3.5 mm PC 
25% 2.29 0.28 0.11 0.18 0.27 0.263 0.076 0.291 
50% 2.34 0.28 0.11 0.18 0.27 0.263 0.075 0.284 
75% 2.37 0.28 0.11 0.18 0.27 0.263 0.075 0.284 
90%+ 2.46 0.29 0.12 0.19 0.28 0.263 0.065 0.249 
Steel 
25% 2.08 0.27 0.09 0.17 0.26 0.263 0.088 0.335 
50% 1.99 0.27 0.086 0.17 0.26 0.263 0.085 0.325 
75% 2.06 0.28 0.098 0.018 0.27 0.263 0.078 0.298 
90%+ 2.53 0.28 0.13 0.19 0.28 0.263 0.072 0.273 
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Figure 6.36: Relative breakage potential for Sydney sand at initial dry density 1.57 g/cm3 confined with 3.5 
mm thick steel, and 2.0 mm and 3.5 mm thick polycarbonate tubes after impact at a strain rate of 1000 – 
1300 s-1 for 25%, 50%, 75%, and 90%+ saturation. 
The primary reason for why crushing increases with confinement rigidity is likely attributed 
to lateral expansion the confinement tube. Thin polycarbonate sleeves with lower stiffness 
expand to a greater extent under impact. This effectively promotes the rearrangement of 
particles without undergoing substantial crushing as more space is made available with the 
expansion of the sleeve. The phenomenon may also be explained in terms of energy 
absorption. As energy is predominately expended on particle crushing at high stresses [80], a 
greater amount of energy absorbed as polycarbonate tubes laterally expand result in less 
energy available to facilitate extensive breakage within the grains. 
6.8 Limitations and Potential Sources of Error 
 
Examining the dynamic behaviour of porous and geologic materials is an inherently 
challenging task due to both unfavourable material characteristics and equipment constraints 
[50]. A lack of experimental standardisation is therefore the expected result of such 
limitations, often necessitating researchers to target the specific uniqueness of the material 
under consideration [30]. The introduction of moisture further complicates the extraction of 
experimental data to which its limitations must be respected.  
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As specimens were placed within confinement tubes for testing, friction between samples 
and the chamber wall and platens may introduce errors into the dynamic response. This may 
generate shear stresses across the specimen length, potentially increasing the measured 
stiffness that is neither qualitatively or quantitatively determinable [49]. A common 
recommendation to mitigate frictional effects involves the application of lubricants (such as 
graphite powder) to the inner face of the confinement wall [29, 30]. While effective, 
lubricants were not implemented for this research as the potential for sample contamination 
associated with the introduction of foreign material into the testing chamber may invalidate 
the extracted response. Hence, while purely controlling the specimen aspect ratio was shown 
to minimise unwanted frictional effects [27], it cannot be ignored that the influence of 
friction may weave uncertainties into the experiment. 
The testing of partially saturated porous media as outlined within the utilised methodology 
undeniably involves a degree of water loss before and during SHPB impact. Although the 
tolerance provided between the platen edge and inner chamber wall is small at only 0.025 
mm, similar to that implemented by previous researchers [7], it is possible that moisture loss 
will occur. It is clear that seepage occurs at the highest moisture content, resulting in a 
reduction of the saturation to approximately 90%. Additional water loss may also occur 
during impact which cannot be definitively determined. This water loss may introduce 
further unquantifiable errors into the extracted data while affecting the lock-up strain. 
Furthermore, the quantification of grain crushing via Hardin’s relative breakage potential 
index was performed using material from only a single set of SHPB tests for a given initial 
dry density, confinement type, and saturation. Hence, the results presented within this study 
are unable to fully capture the inherent variability of the breakage potential and the overall 
trend may be compromised by data scatter. For example, the relationship between saturation 
and breakage for specimens at 1.69 g/cm3, as shown in Figure 6.26, is not as well defined 
relative to its counterparts at lower densities. Further experimental sets are therefore required 
to definitively ascertain the relationship between the various parameters considered and the 
extent of grain crushing. 
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CHAPTER SEVEN: Towards an Empirical Model on the Uniaxial Dynamic Response of Partially Saturated Porous Media 
 
TOWARDS AN EMPIRICAL MODEL ON THE 
UNIAXIAL DYNAMIC RESPONSE OF PARTIALLY 
SATURATED POROUS MEDIA 
 
Experimental data on the dynamic characteristics of partially saturated porous media 
extracted as part of this research evaluates the influence of discrete parameters on the overall 
behaviour. This chapter introduces empirical relations founded on SHPB results for Sydney 
sand and poorly graded glass beads, which can be implemented to holistically predict the 
stress-strain response of partially saturated granular materials under consideration. For 
simplicity, only the uniaxial strain compressive behaviour was targeted to which lateral 
expansion of the steel confinement tube was assumed to be negligible. 
The objective is to formulate equations for the prediction of uniaxial stress-strain relations as 
a function of initial dry density (represented via the void ratio) and saturation. Due to the 
occurrence of lock-up behaviour witnessed for highly saturated specimens, the theoretical 
compressive strain required to initiate water lock-up under uniaxial strain conditions is 
derived. Empirical formulae are subsequently established pertaining to the dynamic stress-
strain response of Sydney sand and poorly graded glass beads both before and after the lock-
up strain. Finally, relationships linking the response of Sydney with that of poorly graded 
glass beads are explored. 
7.1 Derivation of Lock-up Strain under Uniaxial Strain Compressive Conditions 
 
The manifestation of water lock-up finalises the transition of a partially saturated specimen 
from a three-phase to two-phase system under uniaxial high strain rate compression. As the 
sample response rapidly shifts to that of pure water after lock-up, the strain required to 
initiate lock-up must first be established as an upper limit for which the contribution of the 
soil skeleton is applicable to the overall stress-strain behaviour. 
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By definition, lock-up infers that all air voids have been displaced from the system and that 
the total specimen volume is composed entirely of water and solid grains. Under uniaxial 
strain compression assuming negligible lateral strains, the total volume at lock-up can be 
expressed via the following relation: 
 𝑉𝑇 − 𝜀𝑠
𝜓
𝑉𝑇 = 𝑉𝑆 + 𝑉𝑊 
∴ 𝑉𝑇(1 − 𝜀𝑠
𝜓
) = 𝑉𝑆 + 𝑉𝑊 
(7.1) 
where 𝑉𝑆 , 𝑉𝑊 , and 𝑉𝑇  denote the volume of solids, volume of water, and the initial total 
specimen volume respectively. 𝜀𝑠
𝜓
 is the compressive uniaxial strain required to displace all 
pore air and initiate water lock-up. Subsequently, the dry unit weight at lock-up (𝛾𝑑
𝜓
) 
considers only the volume of water and solids (volume of air is effectively zero) and is 
expressed as: 
 
𝛾𝑑
𝜓
=
𝑊𝑆
𝑉𝑆 + 𝑉𝑊
 (7.2) 
where 𝑊𝑆 is the total weight of solids in the specimen. Subsequently substituting Equation 
(7.1) into Equation (7.2): 
 
𝛾𝑑
𝜓
=
𝑊𝑆
𝑉𝑇(1 − 𝜀𝑠
𝜓
)
 (7.3) 
Hence: 
 
𝛾𝑑
𝜓
=
𝛾𝑑
1 − 𝜀𝑠
𝜓 (7.4) 
where 𝛾𝑑 is the initial specimen dry unit weight before loading (𝑊𝑆/𝑉𝑇). Furthermore, it is 
known that the water content, 𝑤, (defined in the geotechnical context as the ratio of the 
mass of water to the mass of solids in the specimen) is expressed as follows: 
 
𝑤 =
𝑊𝑊
𝑊𝑆
=
𝑆𝑒
𝐺𝑠
=
𝑆
𝐺𝑠
(
𝐺𝑠𝛾𝑤
𝛾𝑑
− 1) (7.5) 
where 𝑊𝑊 denotes the total weight of water in the specimen. Assuming that there is no loss 
of water and solids during loading, the initial dry unit weight is related to the dry unit weight 
at lock-up (𝑆 = 1) via the following relation: 
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 𝑆
𝐺𝑠
(
𝐺𝑠𝛾𝑤
𝛾𝑑
− 1) =
1
𝐺𝑠
(
𝐺𝑠𝛾𝑤
𝛾𝑑
𝜓 − 1) (7.6) 
Substituting Equation (7.4) into Equation (7.6): 
 
𝑆 (
𝐺𝑠𝛾𝑤
𝛾𝑑
− 1) =
𝐺𝑠𝛾𝑤(1 − 𝜀𝑠
𝜓
)
𝛾𝑑
− 1 (7.7) 
This can be simplified and rearranged to give: 
 
𝜀𝑠
𝜓
= 1 − 𝑆 −
𝛾𝑑(1 − 𝑆)
𝐺𝑠𝛾𝑤
 (7.8) 
But, from Equation (7.5): 
 𝛾𝑑
𝐺𝑠𝛾𝑤
=
1
1 + 𝑒
 (7.9) 
Hence, by combining Equations (7.8) and (7.9) and simplifying, the strain required to initiate 
water lock-up can be expressed in terms of only the initial void ratio (𝑒) and degree of 
saturation (𝑆): 
 
𝜀𝑠
𝜓
=
𝑒(1 − 𝑆)
𝑒 + 1
 (7.10) 
7.2 Derivation of Stress-strain Relations for Sydney Sand as a Function of Saturation 
 
An empirical model to predict the partially saturated stress-strain response of Sydney sand 
across the initial dry densities considered as a function of saturation is proposed under CAT 
I strain rates. Due to the insensitivity of the dry response to variations in strain rate, the 
stress-strain behaviour at 0% saturation is appropriate as a baseline for the prediction of the 
partially saturated response at any given initial density. Hence, the normalised stress ratio (Γ) 
for the initial dry densities of 1.46 g/cm3, 1.57 g/cm3, and 1.69 g/cm3 was implemented, to 
which a linear approximation was established for each degree of saturation prior to water 
lock-up. The slope and intercept for each trend line were then subsequently plotted against 
the saturation for each initial dry density. Figure 7.1 to Figure 7.3 show the NSR and NSR 
trend line slope/intercept values for Sydney sand under CAT I strain rates at initial dry 
densities of 1.46 g/cm3, 1.57 g/cm3, and 1.69 g/cm3 respectively. Additionally, relationships 
between the slope and intercept values of the NSR as a function of saturation were required 
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for each initial dry density. As the trend appears distinctively nonlinear, polynomial curve 
fitting functions were implemented to mathematically characterise the relationship. Note that 
the trend line for 90%+ saturation was not considered due to insufficient data points prior to 
the initiation of water lock-up. A summary of NSR slope and intercept values are provided in 
Table 7.1. 
  
Figure 7.1: Normalised stress ratio (a) and NSR trend line slope/intercept values (b) as a function of 
saturation for Sydney sand confined with steel at initial dry density 1.46 g/cm3 under CAT I strain rates. 
  
Figure 7.2: Normalised stress ratio (a) and NSR trend line slope/intercept values (b) as a function of 
saturation for Sydney sand confined with steel at initial dry density 1.57 g/cm3 under CAT I strain rates. 
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Figure 7.3: Normalised stress ratio (a) and NSR trend line slope/intercept values (b) as a function of 
saturation for Sydney sand confined with steel at initial dry density 1.69 g/cm3 under CAT I strain rates. 
Table 7.1: NSR trend line slope and intercept values for Sydney sand confined with steel at initial dry 
densities of 1.46 g/cm3, 1.57 g/cm3, and 1.69 g/cm3 under CAT I strain rates. 
Initial dry density Void ratio (𝒆) Saturation (𝑺) Slope (𝑴∗) Intercept (𝑰∗) 
1.46 g/cm3 0.81 
25% 3.89 0.62 
50% 1.52 1.11 
75% -3.39 1.42 
90%+ -16.1 2.06 
1.57 g/cm3 0.68 
25% -1.12 1.04 
50% -1.43 1.2 
75% -8.23 1.92 
90%+ -15.1 2.26 
1.69 g/cm3 0.57 
25% -0.593 0.864 
50% 0.0905 0.845 
75% -0.984 0.927 
90%+ 4.51 0.68 
 
From Figures 7.1b, 7.2b, and 7.3b, it can be seen the NSR intercept can be represented via 
second-order polynomials, whereas third-order polynomials may be adopted to model the 
slope as a function of saturation. The y-intercept of the polynomial functions are set to 1 and 
0 respectively, which reflects the NSR at a saturation of 0%. Subsequently, the intercept (𝐼∗) 
and slope (𝑀∗) trend lines as a function of the saturation (𝑆) can be expressed in the form of 
Equations (7.11) and (7.12) respectively: 
 𝐼∗(𝑆) = 𝐼𝑎
∗𝑆2 + 𝐼𝑏
∗𝑆 + 1 (7.11) 
 𝑀∗(𝑆) = 𝑀𝑎
∗𝑆3 +𝑀𝑏
∗𝑆2 +𝑀𝑐
∗𝑆 (7.12) 
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where 𝐼𝑎
∗ and 𝐼𝑏
∗ respectively denote the quadratic coefficient terms, and 𝑀𝑎
∗ , 𝑀𝑏
∗, and 𝑀𝑐
∗ are 
the cubic coefficients of the third-order polynomial. The terms are summarised via Table 7.2 
as a function of the initial void ratio and are subsequently plotted in Figure 7.4. 
Table 7.2: Intercept and slope trend line coefficients of the trend lines approximating the NSR as a 
function of void ratio for Sydney sand confined with steel under CAT I strain rates. 
𝒆 𝐈𝒂
∗  𝑰𝒃
∗  𝑴𝒂
∗  𝑴𝒃
∗  𝑴𝒄
∗ 
0.81 2.981 -1.602 39.68 -79.84 33.04 
0.68 2.627 -0.775 -77.867 64.88 -15.833 
0.57 0.875 -0.753 -32.368 34.488 -8.971 
  
  
Figure 7.4: Plot of Intercept (a) and slope (b) trend line coefficients of the trend lines approximating the 
NSR as a function of void ratio. 
The quadratic coefficient trend lines, 𝐼𝑎
∗ and 𝐼𝑏
∗, as a function of the void ratio from Figure 
7.4a are expressed in the form of second-order polynomials: 
 𝐼𝑎
∗(𝑒) = 𝐼𝑎1𝑒
2 + 𝐼𝑎2𝑒 + 𝐼𝑎3 (7.13) 
 𝐼𝑏
∗(𝑒) = 𝐼𝑏1𝑒
2 + 𝐼𝑏2𝑒 + 𝐼𝑏3 (7.14) 
while the trends approximating the cubic coefficients 𝑀𝑎
∗ , 𝑀𝑏
∗, and 𝑀𝑐
∗ as a function of the 
void ratio in Figure 7.4b are also expressed via second-order polynomials respectively as: 
 𝑀𝑎
∗(𝑒) = 𝑀𝑎1𝑒
2 +𝑀𝑎2𝑒 + 𝑀𝑎3 (7.15) 
 𝑀𝑏
∗(𝑒) = 𝑀𝑏1𝑒
2 +𝑀𝑏2𝑒 + 𝑀𝑏3 (7.16) 
 𝑀𝑐
∗(𝑒) = 𝑀𝑐1𝑒
2 +𝑀𝑐2𝑒 + 𝑀𝑐3 (7.17) 
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For Sydney sand under CAT I strain rates, the coefficients pertinent to Equations (7.13) to 
(7.17) are summarised in Table 7.3. 
Table 7.3: Quadratic coefficients used to compute the polynomial coefficient values of the trend lines 
approximating the NSR slope and intercept values for Sydney sand under CAT I strain rates. 
 𝟏 𝟐 𝟑 
𝑰𝒂 -55.017 84.699 -29.528 
𝑰𝒃 -25.673 31.891 -10.59 
𝑴𝒂 5491 -7277.4 2331.7 
𝑴𝒃 -5789.7 7513.4 -2367.1 
𝑴𝒄 1826.4 -2345.3 734.49 
 
Hence, the normalised stress ratio at a given strain prior to lock-up for Sydney sand under 
uniaxial compression and CAT I strain rates as a function of saturation and void ratio, 
Γ(𝑆, 𝑒, 𝜀𝑠), is embodied by the following empirical relation: 
 Γ(𝑆, 𝑒, 𝜀𝑠) = 𝑀
∗𝜀𝑠 + 𝐼
∗ 𝑓𝑜𝑟 𝜀𝑠 ≤ 𝜀𝑠
𝜓
  (7.18) 
The uniaxial compressive engineering stress of Sydney sand at a given strain for a given initial 
dry density and saturation under CAT I strain rates is therefore expressed as the following: 
 
σs
𝑆(𝑒, 𝜀𝑠) = {
𝜎𝑠
0(𝑒, 𝜀𝑠)Γ(𝑆, 𝑒, 𝜀𝑠)                                   𝑓𝑜𝑟 𝜀𝑠 ≤ 𝜀𝑠
𝜓
 
𝜎𝑠
0(𝑒, 𝜀𝑠
𝜓
)Γ(𝑆, 𝑒, 𝜀𝑠
𝜓
) + 𝐸𝑤(𝜀𝑠 − 𝜀𝑠
𝜓
) 𝑓𝑜𝑟 𝜀𝑠 > 𝜀𝑠
𝜓
}  (7.19) 
where 𝐸𝑤 is the constrained modulus of pure water under high strain rate loading conditions 
approximated as 2086 MPa in the current context from data collected by Veyera [74]. The 
theoretical lock-up strain, 𝜀𝑠
𝜓
, is computed from Equation (7.10). Furthermore, the dry 
stress-strain relation for Sydney sand at a given void ratio, 𝜎𝑠
0(𝑒, 𝜀𝑠) and 𝜎𝑠
0(𝑒, 𝜀𝑠
𝜓
), may be 
computed from the stress-strain behaviour at the reference density (𝜌0 ) by considering 
Equation (6.2) in terms of only the dry response: 
 
𝜎𝑠
0(𝑒, 𝜀𝑠) = (
𝜌𝑠
𝜌0
)
𝑛(𝑆=0)
𝜎𝑠
0(𝑒0, 𝜀𝑠) (7.20) 
 
𝜎𝑠
0(𝑒, 𝜀𝑠
𝜓
) = (
𝜌𝑠
𝜌0
)
𝑛(𝑆=0)
𝜎𝑠
0(𝑒0, 𝜀𝑠
𝜓
) (7.21) 
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where 𝑒0 is the void ratio corresponding to the reference initial dry density (𝜌0), taken in this 
study as 1.46 g/cm3. The exponent factor (𝑛) at 0% saturation can be extracted from Figure 
6.22. Note that the power law is expressed in terms of the specimen initial dry density (𝜌𝑠) 
while the stress is denoted as a function of the specimen initial void ratio (𝑒). It is thus 
important to recognise the relationship between the two quantities: 
 
𝑒 ∝
1
𝜌𝑠
 𝑎𝑛𝑑 𝑒0 ∝
1
𝜌0
 (7.22) 
Equations (7.19) to (7.21) therefore facilitate the prediction of uniaxial compressive stress-
strain relations for Sydney sand before and after the initiation of water lock-up under CAT I 
strain rates for any saturation and initial dry density (expressed as the void ratio) within the 
experimental boundaries of this study. The only prerequisite is that the dry response is 
known for the density under consideration, or that the reference density stress-strain 
behaviour at 0% saturation is known. Note, however, that no water and solids are assumed 
to be lost during the loading phase – an assumption that may not hold true at higher 
saturations. 
Figure 7.5 to Figure 7.7 shows the experimental and predicted uniaxial partially saturated 
stress-strain response of Sydney sand under CAT I strain rates at initial dry densities of 1.46 
g/cm3, 1.57 g/cm3, and 1.69 g/cm3 respectively. It can be seen that Equation (7.19) was 
largely successful in capturing the general trend of stress-strain relations as a function of 
saturation across all three initial dry densities considered. However, the strain at lock-up 
calculated via Equation (7.10) was noticed to be lower across all initial dry densities when 
compared against experimental results. This suggests that water loss likely occurred during 
the application of loading for highly saturated specimens. The predicted behaviour also 
exhibits a sharp transition towards lock-up, which contrasts with the more gradual rise in 
stiffness preceding water lock-up for experimental stress-strain relations. 
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Figure 7.5: Experimental (E) and predicted (P) uniaxial stress-strain response of Sydney sand at initial dry 
density 1.46 g/cm3 (𝑒 = 0.81) under CAT I strain rates. 
 
Figure 7.6: Experimental (E) and predicted (P) uniaxial stress-strain response of Sydney sand at initial dry 
density 1.57 g/cm3 (𝑒 = 0.68) under CAT I strain rates. 
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Figure 7.7: Experimental (E) and predicted (P) uniaxial stress-strain response of Sydney sand at initial dry 
density 1.69 g/cm3 (𝑒 = 0.57) under CAT I strain rates. 
7.3 Derivation of Stress-strain Relations for Poorly Graded Glass Beads as a Function 
of Saturation 
 
An empirical model to predict the partially saturated stress-strain response of poorly graded 
glass beads at initial dry density 1.48 g/cm3 (void ratio 0.68) as a function of saturation is 
proposed under CAT I strain rates. The normalised stress ratio was implemented for this 
purpose, to which a linear approximation was established for each degree of saturation prior 
to water lock-up (Figure 7.8a). The slope and intercept for each trend line was then 
subsequently plotted against the saturation (Figure 7.8b). Note that the trend line for 90%+ 
saturation was not considered due to insufficient data points prior to the initiation of water 
lock-up. A summary of NSR slope and intercept values is provided in Table 7.4. 
Table 7.4: NSR trend line slope and intercept values for poorly graded glass beads confined with steel at 
initial dry density 1.48 g/cm3 under CAT I strain rates. 
Initial dry density Void ratio (𝒆) Saturation (𝑺) slope (𝑴∗) Intercept (𝑰∗) 
1.48 g/cm3 0.68 
25% 3.1 0.0528 
50% 3.52 0.0703 
75% 0.154 0.606 
90%+ -9.97 1.03 
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Figure 7.8: Normalised stress ratio (a) and NSR trend line slope/intercept values (b) as a function of 
saturation for poorly graded glass beads confined with steel at initial dry density 1.48 g/cm3 (𝑒 = 0.68) 
under CAT I strain rates. 
From Figure 7.8b, it can be seen the NSR intercept largely follows a second-order 
polynomial trend whereas a third-order polynomial is adopted to approximate the slope as a 
function of saturation. The y-intercept is set to 1 and 0 respectively to represent the NSR at 0% 
saturation. Such trends reflect the NSR behaviour for Sydney sand discussed in Section 7.2. 
Hence, the intercept (𝐼∗) and slope (𝑀∗) trend lines as a function of the saturation (𝑆) can be 
expressed in the form of Equations (7.11) and (7.12) respectively. For poorly graded glass 
beads at an initial void ratio of 0.68 under CAT I strain rates, the NSR trend line coefficients 
pertinent to Equations (7.11) and (7.12) are summarised in Table 7.5. 
Table 7.5: Intercept and slope trend line coefficients of the trend lines approximating the NSR for void 
ratio 0.68 for poorly graded glass beads confined with steel under CAT I strain rates. 
𝒆 𝐈𝒂
∗  𝑰𝒃
∗  𝑴𝒂
∗  𝑴𝒃
∗  𝑴𝒄
∗ 
0.68 6.0256 -5.0132 -11.797 -12.592 16.285 
 
The NSR for a given strain prior to lock-up as a function of saturation for poorly graded 
glass beads at initial void ratio 0.68 is thus expressed via Equation (7.18). Subsequently, the 
uniaxial compressive stress-strain response under CAT I strain rates follows Equation (7.19), 
applicable for 𝑒 = 0.68. Figure 7.9 shows the experimental and predicted uniaxial partially 
saturated stress-strain response of poorly graded glass beads under CAT I strain rates with 
initial void ratio 0.68 (1.48 g/cm3). Similar to that of Sydney sand, it can be seen that 
Equation (7.19) was largely successful in capturing the general trend of stress-strain relations 
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as a function of saturation. However, the strain at lock-up calculated via Equation (7.10) was 
noticed to be lower across all initial dry densities when compared against experimental results. 
This suggests that water loss likely occurred during the application of loading for highly 
saturated specimens. The predicted behaviour also exhibits a sharp transition towards lock-
up, which contrasts with the more gradual rise in stiffness preceding water lock-up for 
experimental stress-strain relations. 
 
Figure 7.9: Experimental (E) and predicted (P) uniaxial stress-strain response of poorly graded glass beads 
at initial dry density 1.48 g/cm3 (𝑒 = 0.68) under CAT I strain rates. 
7.4 Relationships between Sydney Sand and Poorly Graded Glass Beads 
 
An empirical relation is proposed relating the uniaxial stress-strain behaviour of dry Sydney 
sand at initial void ratio 0.68 to that of poorly graded glass beads at the same initial void ratio. 
It was identified that the dry stress-strain response of poorly graded glass beads, 𝜎𝐺𝑃
0 (𝜀𝑠), is 
related to the dry response of Sydney sand, 𝜎𝑆𝑃
0 (𝜀𝑠), as follows: 
 𝜎𝐺𝑃
0 (𝜀𝑠) =  [𝜎𝑆𝑃
0 (𝜀𝑠)]
𝑁 (7.23) 
 
𝜎𝑆𝑃
0 (𝜀𝑠) =  [𝜎𝐺𝑃
0 (𝜀𝑠)]
1
𝑁 (7.24) 
where the best fit shape exponent (𝑁) was determined to be approximately 1.179 at the initial 
void ratio of 0.68. This was observed to accurately model the response of glass beads within 
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range of strains considered, and vice versa for the prediction of Sydney sand (Figure 7.10). 
Equations (7.23) and (7.24) hence suggest that under dry conditions, the stress-strain 
behaviour of granular media of similar grading parameters are closely related via a power law 
function despite differences in grain shape and material characteristics. Thus, the 
mechanisms governing the uniaxial compressive response at a given strain is expected to be 
inherently similar for both materials. 
 
Figure 7.10: Experimental (E) and predicted (P) uniaxial stress-strain relations of poorly graded glass 
beads (GP) and Sydney sand (SP) at 0% saturation from the experimental response of dry Sydney sand 
and glass beads, respectively, at initial void ratio 0.68. 
The uniaxial stress-strain behaviour of poorly graded glass beads at 𝑒 = 0.68 for a given 
saturation, σ𝐺𝑃
𝑆 (𝜀𝑠 , 𝑒), under CAT I strain rates may therefore be computed from only the 
dry response of Sydney sand: 
 
σ𝐺𝑃
𝑆 (𝜀𝑠, 𝑒) = {
[𝜎𝑆𝑃
0 (𝜀𝑠 , 𝑒)]
𝑁(𝑒)Γ𝐺𝑃(𝑆, 𝜀𝑠 , 𝑒)                                   𝑓𝑜𝑟 𝜀𝑠 ≤ 𝜀𝑠
𝜓
 
[𝜎𝑆𝑃
0 (𝜀𝑠
𝜓
, 𝑒)]
𝑁(𝑒)
Γ𝐺𝑃(𝑆, 𝜀𝑠
𝜓
, 𝑒) + 𝐸𝑤(𝜀𝑠 − 𝜀𝑠
𝜓
) 𝑓𝑜𝑟 𝜀𝑠 > 𝜀𝑠
𝜓
}  (7.25) 
where Γ𝐺𝑃 is the NSR for poorly graded glass beads at 𝑒 = 0.68, computed as a function of 
saturation via Equation (7.18) using the coefficients stated in Table 7.5. Conversely, the 
uniaxial stress-strain behaviour of Sydney sand at 𝑒 = 0.68 for a given saturation, σ𝑆𝑃
𝑆 (𝜀𝑠 , 𝑒), 
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under CAT I strain rates may be computed from the dry response of poorly graded glass 
beads: 
 
σ𝑆𝑃
𝑆 (𝜀𝑠 , 𝑒) =
{
 
 
 
 [𝜎𝐺𝑃
0 (𝜀𝑠 , 𝑒)]
1
𝑁(𝑒)Γ𝑆𝑃(𝑆, 𝜀𝑠, 𝑒)                                   𝑓𝑜𝑟 𝜀𝑠 ≤ 𝜀𝑠
𝜓
 
[𝜎𝐺𝑃
0 (𝜀𝑠
𝜓
, 𝑒)]
1
𝑁(𝑒) Γ𝑆𝑃(𝑆, 𝜀𝑠
𝜓
, 𝑒) + 𝐸𝑤(𝜀𝑠 − 𝜀𝑠
𝜓
) 𝑓𝑜𝑟 𝜀𝑠 > 𝜀𝑠
𝜓
}
 
 
 
 
  (7.26) 
where Γ𝑆𝑃 is the NSR for Sydney sand at 𝑒 = 0.68, computed as a function of saturation via 
Equation (7.18) using the coefficients stated in Table 7.2. 
7.5 Limitations 
 
Since derivation of the empirical relations for Sydney sand and poorly graded glass beads 
were based on experimental results, the appropriateness of their implementation is limited by 
the conditions under which the results were extracted. It is evident that the NSR forms the 
backbone of the derived equations, to which a linear approximation was adopted in 
representing the NSR as a function of engineering strain for each saturation for simplicity. 
However, from Figures 7.1a, 7.2a, 7.3a, and 7.8a, it is seen that certain NSR trends are better 
represented linearly than others. Therefore, the approximation should be considered 
primarily as a guide in depicting the expected response of partially saturated granular 
materials. Additionally, only saturations of 0%, 25%, 50%, and 75% were considered within 
the experimental regime. It is thus unclear whether the overall trend of the stress-strain 
response remains consistent for saturations interpolated or extrapolated using the empirical 
formulae. The same also applies for the initial void ratio, as only values of 0.57, 0.68, and 
0.81 were implemented within the test regime. Furthermore, the coefficients illustrated in 
Table 7.3 and Table 7.5 pertain only to Sydney sand and glass beads, respectively, exhibiting 
a particle size distribution highlighted in Figure 4.3 under CAT I strain rates. Changes in the 
material or rate of strain will likely require new coefficients to be experimentally determined. 
Additionally, as the specimens could only be loaded up to a maximum strain of 
approximately 20% under CAT I strain rates, it remains uncertain whether the empirical 
trend will hold true beyond this level of strain. Therefore, Equation (7.18) is most useful in 
approximating the NSR of Sydney sand specimens exhibiting initial void ratios within 0.57 
and 0.81, under saturations between 0% and 75%, and up to a maximum strain of 20% 
under CAT I strain rates.  
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CHAPTER EIGHT: On the High Strain Rate Response of Partially Saturated Porous Media 
 
ON THE HIGH STRAIN RATE RESPONSE OF 
PARTIALLY SATURATED POROUS MEDIA 
 
The dynamic response of partially saturated porous media was examined under high strain 
rate conditions via the split Hopkinson pressure bar. A literature survey was conducted to 
reveal the extent of current knowledge, areas lacking insight, and best practice techniques 
pertinent to the experimental configuration. Three different materials comprising Sydney 
sand, poorly graded glass beads, and well graded glass beads were considered for the 
parameterisation of stress-strain behaviour, energy absorption, and grain crushing. The 
specimen response was discovered to be highly dependent on interactions between a range 
of factors including strain rate, degree of saturation, particle geometry, gradation, initial dry 
density, and confinement environment. The subsequent quantification of the effects resulting 
from the interaction between influencing parameters enabled a deeper understanding of the 
mechanisms governing material behaviour under dynamic conditions. The high strain rate 
response of partially saturated porous media can now be addressed holistically, paving the 
way towards the development and calibration of multi-scale, multi-phase constitutive 
mechanical models for adoption within engineering practice. 
8.1 Summary of Key Findings 
 
The primary objective of this research was the parameterisation of the high strain rate 
behaviour of partially saturated porous media. This was addressed via examining the extent 
to which various material and experimental factors contributed the stress-strain response, 
energy absorption, and particle breakage. The main findings pertaining to the acquisition, 
processing, and evaluation of experimental results are summarised as follows. 
8.1.1 Experimental Methodology 
 
A striker bar 500 mm in length was adopted for all SHPB experiments performed as part of 
this study to facilitate dynamic stress equilibrium and extend the duration of the constant 
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strain rate plateau, while enabling higher strains to be reached. This resulted in the 
overlapping of incident and reflected waves traversing the 1500 mm long incident bar. A 
method referred here as wave collation was introduced which involved the direct assembly of 
strain history data extracted from two strain gauges attached at different locations on the 
incident bar. This method was validated experimentally and via FE modelling, which 
confirmed its veracity in successfully mitigating wave superpositioning effects occurring 
within the incident bar. A discussion on the general applicability of the wave collation 
technique in wider SHPB testing is also presented. 
8.1.2 Stress-strain Behaviour 
 
Conclusions pertaining to the parameterisation of the dynamic stress-strain response of 
partially saturated porous media examined within this study are as follows: 
• Degree of saturation: Five distinct degrees of saturation ranging from dry to over 
90% were considered for Sydney sand and poorly graded glass beads while a 
maximum saturation of 75% was produced for well graded glass beads. In general, 
the most compliant stress-strain response was witnessed at 25% saturation for all 
specimens with further increases in moisture content promoting a rise in overall 
stiffness. This is attributed to the effect of water lubrication in facilitating smoother 
particle rearrangement. Higher saturations result in water occupying more pore 
spaces, which hinders the mobility of grains leading to a stiffer response. 
• Particle shape: The influence of particle shape was investigated via an indirect 
comparison between Sydney sand and poorly graded glass beads. It was observed that 
as grains became more rounded in shape, the extent of response softening relative to 
the dry stress-strain behaviour increased for any given degree of saturation. This is 
potentially associated with the spherical shape of the beads amplifying the 
contribution of water lubrication, thus promoting greater ease in the rearrangement 
of particles at relatively low strains. Further studies involving grains of identical 
material composition exhibiting differing geometries are recommended to isolate and 
directly evaluate the effect of particle shape on overall dynamic behaviour. 
• Particle size distribution: Under dry conditions, the stiffness of well graded glass 
beads was initially lower than that of its poorly graded counterpart due to the greater 
ease in particle rearrangement under low stresses. Once crushing begins to dominate 
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the compressive behaviour at higher strains, a rapid rise in stiffness was witnessed for 
the well graded sample, exceeding that of the poorly graded variant. Under partially 
saturated conditions however, the overall stiffness of well graded glass beads was 
greater than poorly graded specimens across the entire loading range up to the 
maximum strain considered. 
• Strain rate: The rate of strain was modified by altering the striker bar launch pressure. 
This enabled average strain rates to vary from 800 s-1 to 2100 s-1 for Sydney sand and 
poorly graded glass beads. Under dry conditions, the overall stress-strain response 
was not seen to be dependent on strain rate across the examined range. On the other 
hand, for partially saturated samples up to 75% saturation, the dynamic response 
appears to soften with increasing rates of strain. Once the moisture content is further 
increased however, the stress-strain behaviour across all specimens reverts back to 
becoming invariant of the rate of applied strain. The overall stress-strain behaviour is 
therefore associated with the proportion of the total load sustained by the water and 
solid phase at any given strain rate, which in turn is possibly a result of inertial effects. 
• Initial dry density: Three initial dry densities (1.46 g/cm3, 1.57 g/cm3, and 1.69 
g/cm3) were considered for Sydney sand under uniaxial conditions. The stress-strain 
response stiffened with increasing initial dry density prior to the initiation of water 
lock-up, and can be predicted via a power law model. However, the relative increase 
in magnitude of the wet sample stiffness with respect to initial dry density was 
reduced with increasing saturation. This phenomenon is associated with water 
lubrication between particles for higher density samples in conjunction with the 
capability of pore water to support the applied load for lower density specimens. 
• Confinement environment: The stress-strain response of Sydney sand at a constant 
initial dry density of 1.57 g/cm3 stiffened with increasing lateral rigidity as the 
confinement sleeve was changed from 2.0 mm thick polycarbonate to 3.5 mm thick 
polycarbonate to steel. However, at 90%+ saturation, the average stress-strain 
behaviour of specimens confined via polycarbonate appeared to slightly exceed that 
of steel prior to the initiation of water lock-up. No lock-up was observed for 
specimens within polycarbonate sleeves, indicating that the confinement rigidity 
offered was insufficient to induce water uniaxial compression. 
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• Empirical model: An empirical model based on a linear approximation of the NSR 
was proposed to predict the uniaxial stress-strain response of Sydney sand and poorly 
graded glass beads under CAT I strain rates as a function of saturation and initial void 
ratio. Only a void ratio of 0.68 was considered for glass beads. The model was 
successful in predicting the overall trend of the stress-strain behaviour both before 
and after water lock-up for both materials. However, the predicted lock-up response 
was observed to occur at lower strains when compared against experimental results.  
8.1.3 Energy Absorption 
 
Conclusions pertaining to the parameterisation of energy absorption of partially saturated 
porous media examined within this study are as follows: 
• Initial dry density: The energy absorption of Sydney sand under uniaxial conditions 
was observed to increase with decreasing initial dry density while tending towards an 
asymptotic value when the saturation is between 0% and 50% for the densities and 
strain rate considered. Above 90% saturation, a similar trend can be witnessed below 
the stress level of approximately 20 MPa. A subsequent reversal in the relationship 
between initial dry density and energy absorption has been observed after the stress 
was further increased. 
• Confinement environment: The energy absorption of medium density Sydney sand 
increased with decreasing confinement rigidity across all saturation levels for the 
confinement tubes considered. Additionally, the internal confinement pressure would 
increase with increasing confinement rigidity at any given saturation level while 
reaching a minimum at 25% saturation for all confinement types. Further increases in 
saturation resulted in a subsequent rise in confinement pressure. 
8.1.4 Grain Crushing 
 
Conclusions pertaining to the parameterisation of grain crushing (as quantified via Hardin’s 
relative breakage potential) of partially saturated porous media examined within this study are 
as follows: 
• Degree of saturation: Across all densities and confinements considered for Sydney 
sand, an increase in the degree of saturation was generally seen to correspond with a 
reduction in the extent of grain crushing. This observation is related to both the 
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lubrication and load carrying capabilities of pore water under dynamic conditions in 
limiting particle grinding and shear forces. 
• Initial dry density: Three initial dry densities (1.46 g/cm3, 1.57 g/cm3, and 1.69 
g/cm3) of Sydney sand were considered under uniaxial partially saturated conditions 
to assess its influence on crushing. It was observed that crushing generally increased 
with density for saturations between 25% and 90%+. However, the negative gradient 
of breakage potential against moisture content was seen to increase with decreasing 
initial dry density. This signified that initial density plays a much greater role in grain 
crushing at higher saturations. 
• Confinement environment: For saturations considered between the ranges of 25% 
and 90%+, it was identified that more crushing occurred for samples contained 
within the steel tube relative to that of polycarbonate. This suggests that higher 
confinement pressures result in more particle breakage for a given moisture content. 
The greater expansion of the polycarbonate tubes promoted the rearrangement of 
grains without undergoing significant crushing. 
8.1.5 Final Remarks 
 
This study illustrates the inherent complexities surrounding the high strain rate response of 
partially saturated porous media. The obtained results provide a comprehensive insight into 
the effects of strain rate, particle shape, specimen gradation, initial dry density, and 
confinement environment on the overall stress-strain response, energy absorption, and grain 
crushing as a function of saturation. The subsequent development of multi-phase 
constitutive models targeting the interaction between solid, liquid, and gaseous constituents 
is necessary. Experimental observations as presented in this dissertation can therefore be 
quantified numerically, enabling a holistic understanding of the mechanisms dictating the 
dynamic response of partially saturated porous media. 
8.2 Recommendations 
 
This research explored the experimental high strain rate response of partially saturated 
porous media and highlighted many remaining challenges towards fully comprehending its 
behaviour. Future work is therefore proposed to enhance our understanding on the 
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mechanisms governing the response of such materials from an experimental and theoretical 
perspective. 
8.2.1 Improvements to Current Methodology 
 
The implementation of SHPB experiments on partially saturated specimens placed within 
watertight chambers such that water loss is eliminated before and during testing is 
recommended to improve upon the current methodology. This will effectively enable a 
deeper insight into the water lock-up phenomenon without the possibility of moisture loss 
introducing additional uncertainties into the results. However, researchers must be aware of 
any potential difficulties associated with such a setup. As an example, Veyera [74] utilised an 
O-ring seal to mitigate water loss during SHPB testing, which may in fact introduce 
unquantifiable frictional or boundary effects into the result. Hence, the implementation of 
such a device must not interfere with the inherent properties of the specimen or compromise 
the validity of any extracted SHPB data. 
8.2.2 Suggestions for Further Research 
 
The consideration of quasi-static behaviour of partially saturated porous materials is 
suggested as supplementary to the high strain rate tests conducted within this study. Results 
from quasi-static testing will be of benefit to further understanding strain rate effects on the 
overall response of such materials for any given degree of saturation. Evidently, partially 
saturated specimens undergoing quasi-static compression must be fully sealed from moisture 
loss as the slow rate of loading will provide ample time for extensive water seepage to occur. 
Likewise, the consideration of dynamic experiments on partially saturated porous media at 
strain rates greater than that obtained within this study is also recommended. This will likely 
require the adoption of equipment and techniques beyond the SHPB. The implementation of 
plate impact experiments has been shown to produce strain rates up to 106 s-1 in quartz sand 
[35]. The validity of trends discussed in this dissertation pertaining to the influence of strain 
rate on the dynamic behaviour of porous materials could therefore be explored across a 
greater range of loading rates. Potential phenomena relating to solid-fluid interactions unable 
to be observed within the present study may subsequently be revealed with such tests 
assuming the availability of appropriate monitoring equipment. 
Examining the damage progression of specimens as a function of time in the context of high 
strain rate experiments will be instrumental to understanding the mechanisms behind the 
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dynamic response of porous materials. If the breakage pattern of the skeleton body at any 
given loading stage can be quantified, this can then be correlated with the overall specimen 
stress and strain history. Greater insight could thus be provided regarding the rearrangement 
and subsequent crushing of grains in the presence of water as a function of stress 
progression. High-speed X-ray imaging techniques in the form of synchrotron radiation may 
be adopted for such purposes [120]. 
The proposition of robust empirical relations will likely prove invaluable in predicting the 
high strain rate response of partially saturated porous media. It is recommended that 
additional experiments be conducted on greater varieties of granular material supporting 
unique quantifiable mechanical characteristics across more refined degrees of saturation. This 
will enhance the accuracy of empirical models for the parameterisation of dynamic stress-
strain behaviour. 
Evidently, the formulation and subsequent calibration of numerical models constitutes the 
next step in furthering our understanding of the high strain rate response of partially 
saturated porous media. Such models will consider the interaction between solid, liquid, and 
gaseous phases during the dynamic loading process. Numerical frameworks have already 
proven capable in capturing multi-phase behaviour, including that of phase transformations 
[121, 122]. The successful implementation of multi-scale multi-phase simulations will 
reinforce experimental results extracted from this study. 
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APPENDIX A: Split Hopkinson Pressure Bar Tests on Sydney Sand 
 
Split Hopkinson Pressure Bar Tests on Sydney Sand 
 
Test designation Pulse shaper Confinement Air pressure Initial density Saturation Strain rate 
T8S0 5.5 x 1.02 mm Steel 2.0 Bar 1.57 g/cc 0% 1000/s 
T8S1 5.5 x 1.02 mm Steel 2.0 Bar 1.57 g/cc 0% 900/s 
T7S3 5.5 x 1.02 mm Steel 2.0 Bar 1.57 g/cc 0% 900/s 
T9S0 5.5 x 1.02 mm Steel 2.0 Bar 1.57 g/cc 0% 800/s 
T10S0 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1200/s 
T10S2 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1200/s 
T10S4 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1200/s 
T10S6 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1200/s 
T10S8 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1200/s 
T10S9 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 0% 1100/s 
T27S0 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1300/s 
T27S1 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1300/s 
T27S2 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1200/s 
T27S3 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1200/s 
T27S4 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1200/s 
T27S5 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 25% 1200/s 
T27S6 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S7 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S8 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S9 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S10 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S11 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 50% 1200/s 
T27S12 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1200/s 
T27S13 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1200/s 
T27S14 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1200/s 
T27S15 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1200/s 
T27S16 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1100/s 
T27S17 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 75% 1200/s 
T27S18 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 1100/s 
T27S19 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 800/s 
T27S20 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 1100/s 
T27S21 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 1100/s 
T27S22 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 1100/s 
T27S23 5.5 x 1.02 mm Steel 3.3 Bar 1.57 g/cc 90%+ 1100/s 
T25S0 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 0% 1400/s 
T25S1 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 0% 1500/s 
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T25S2 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 0% 1500/s 
T25S4 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 0% 1600/s 
T25S5 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 0% 1600/s 
T25S6 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 25% 1600/s 
T25S7 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 25% 1500/s 
T25S8 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 25% 1600/s 
T25S9 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 25% 1600/s 
T25S10 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 25% 1600/s 
T25S12 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 50% 1600/s 
T25S13 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 50% 1600/s 
T25S14 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 50% 1600/s 
T25S15 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 50% 1600/s 
T25S16 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 50% 1600/s 
T25S18 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S19 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S20 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S21 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S22 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S23 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 75% 1600/s 
T25S24 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1400/s 
T25S25 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1300/s 
T25S26 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1600/s 
T25S27 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1400/s 
T25S28 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1700/s 
T25S29 5.5 x 1.02 mm Steel 4.7 Bar 1.57 g/cc 90%+ 1800/s 
T24S6 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2000/s 
T24S7 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2200/s 
T24S8 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2200/s 
T24S9 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2100/s 
T24S10 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2000/s 
T24S11 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 25% 2100/s 
T24S12 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2200/s 
T24S13 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2100/s 
T24S14 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2100/s 
T24S15 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2100/s 
T24S16 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2100/s 
T24S17 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 50% 2100/s 
T24S18 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2000/s 
T24S19 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2000/s 
T24S20 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2000/s 
T24S21 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2000/s 
T24S22 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2100/s 
T24S23 6.5 x 1.22 mm Steel 7.0 Bar 1.57 g/cc 75% 2000/s 
T24S24 6.5 x 1.22 mm Steel 8.0 Bar 1.57 g/cc 90%+ 1600/s 
T24S26 6.5 x 1.22 mm Steel 8.0 Bar 1.57 g/cc 90%+ 1800/s 
T24S27 6.5 x 1.22 mm Steel 8.0 Bar 1.57 g/cc 90%+ 1900/s 
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T24S28 6.5 x 1.22 mm Steel 8.0 Bar 1.57 g/cc 90%+ 2000/s 
T24S29 6.5 x 1.22 mm Steel 8.0 Bar 1.57 g/cc 90%+ 2000/s 
T36S0 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1000/s 
T36S1 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1100/s 
T36S2 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1000/s 
T36S3 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1100/s 
T36S4 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1100/s 
T36S5 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 0% 1000/s 
T36S6 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 25% 1100/s 
T36S8 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 25% 1100/s 
T36S9 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 25% 1200/s 
T36S10 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 25% 1200/s 
T36S11 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 25% 1300/s 
T36S12 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1100/s 
T36S13 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1100/s 
T36S14 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T36S16 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T36S17 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T36S18 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T36S19 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T36S20 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T36S21 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T36S22 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1200/s 
T36S23 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1200/s 
T36S24 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 75% 1200/s 
T36S25 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 90%+ 1100/s 
T36S27 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T36S28 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T36S29 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T36S30 5.5 x 1.02 mm 2mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T38S0 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1000/s 
T38S1 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1200/s 
T38S2 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1200/s 
T38S3 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1100/s 
T38S4 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1000/s 
T38S5 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 0% 1200/s 
T37S37 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 25% 1100/s 
T37S39 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 25% 1100/s 
T37S40 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 25% 1200/s 
T37S41 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 25% 1200/s 
T37S42 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 25% 1100/s 
T37S43 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T37S44 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1100/s 
T37S45 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1000/s 
T37S46 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1100/s 
T37S47 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1200/s 
T37S48 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 50% 1100/s 
T37S49 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
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T37S50 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T37S51 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1000/s 
T37S52 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T37S53 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1100/s 
T37S54 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 75% 1200/s 
T37S55 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 900/s 
T37S56 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T37S57 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T37S58 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T37S59 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 1100/s 
T37S60 5.5 x 1.02 mm 3.5mm PC 3.6 Bar 1.57 g/cc 90%+ 1000/s 
T28S0 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1200/s 
T28S1 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1400/s 
T28S2 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1300/s 
T28S3 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1200/s 
T28S4 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1200/s 
T28S5 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 0% 1200/s 
T40S0 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1200/s 
T40S1 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1200/s 
T40S2 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1200/s 
T40S3 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1200/s 
T40S4 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1100/s 
T40S5 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 25% 1200/s 
T40S6 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1200/s 
T40S7 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1100/s 
T40S8 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1200/s 
T40S9 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1100/s 
T40S10 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1100/s 
T40S11 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 50% 1100/s 
T40S12 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 75% 1100/s 
T40S13 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 75% 1100/s 
T40S15 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 75% 1100/s 
T40S16 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 75% 1100/s 
T40S17 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 75% 1100/s 
T40S18 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 90%+ 900/s 
T40S21 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 90%+ 900/s 
T40S22 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 90%+ 1000/s 
T40S23 5.5 x 1.02 mm Steel 3.3 Bar 1.46 g/cc 90%+ 1000/s 
T26S0 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1100/s 
T26S1 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1200/s 
T26S2 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1200/s 
T26S3 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1000/s 
T26S4 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1000/s 
T26S5 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 0% 1000/s 
T39S0 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 900/s 
T39S1 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 1100/s 
T39S2 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 1100/s 
T39S3 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 1100/s 
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T39S4 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 1100/s 
T39S5 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 25% 1100/s 
T39S6 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1000/s 
T39S7 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1000/s 
T39S8 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1000/s 
T39S9 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1200/s 
T39S10 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1200/s 
T39S11 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 50% 1000/s 
T39S12 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1000/s 
T39S13 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1200/s 
T39S14 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1200/s 
T39S15 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1200/s 
T39S16 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1200/s 
T39S17 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 75% 1200/s 
T39S19 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 90%+ 1000/s 
T39S20 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 90%+ 1000/s 
T39S21 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 90%+ 1000/s 
T39S22 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 90%+ 1000/s 
T39S23 5.5 x 1.02 mm Steel 3.3 Bar 1.69 g/cc 90%+ 1000/s 
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APPENDIX B: Split Hopkinson Pressure Bar Tests on Poorly Graded Glass Beads 
 
Split Hopkinson Pressure Bar Tests on Poorly Graded 
Glass Beads 
 
Test designation Pulse shaper Confinement Air pressure Initial density Saturation Strain rate 
T13S0 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1000/s 
T13S2 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1200/s 
T13S3 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1100/s 
T13S4 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1100/s 
T13S5 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1100/s 
T13S6 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 0% 1200/s 
T29S5 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S6 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S7 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S8 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S9 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S10 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 25% 1200/s 
T29S11 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1200/s 
T29S12 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1100/s 
T29S13 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1200/s 
T29S14 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1100/s 
T29S15 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1100/s 
T29S16 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 50% 1100/s 
T29S17 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 75% 1200/s 
T29S18 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 75% 1100/s 
T29S19 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 75% 1000/s 
T29S20 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 75% 1200/s 
T29S22 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 75% 1100/s 
T29S23 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 90%+ 1400/s 
T29S26 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 90%+ 1400/s 
T29S27 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 90%+ 1200/s 
T29S28 5.5 x 1.02 mm Steel 3.3 Bar 1.48 g/cc 90%+ 1100/s 
T30S0 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1600/s 
T30S1 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1600/s 
T30S2 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1600/s 
T30S3 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1600/s 
T30S4 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1600/s 
T30S5 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 0% 1500/s 
T30S8 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 25% 1600/s 
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T30S9 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 25% 1600/s 
T30S10 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 25% 1600/s 
T30S11 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 25% 1700/s 
T30S12 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1700/s 
T30S13 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1500/s 
T30S14 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1600/s 
T30S15 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1600/s 
T30S16 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1400/s 
T30S17 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 50% 1600/s 
T30S18 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1400/s 
T30S19 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1600/s 
T30S20 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1800/s 
T30S21 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1600/s 
T30S22 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1400/s 
T30S23 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 75% 1600/s 
T30S24 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 90%+ 1400/s 
T30S25 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 90%+ 1500/s 
T30S26 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 90%+ 1600/s 
T30S28 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 90%+ 1400/s 
T30S29 5.5 x 1.02 mm Steel 4.7 Bar 1.48 g/cc 90%+ 1400/s 
T31S0 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 25% 2000/s 
T31S2 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 25% 2000/s 
T31S4 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 25% 2200/s 
T31S5 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 25% 2000/s 
T31S6 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 50% 2200/s 
T31S8 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 50% 2000/s 
T31S9 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 50% 2200/s 
T31S10 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 50% 2100/s 
T31S11 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 50% 2100/s 
T31S12 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 2000/s 
T31S13 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 1800/s 
T31S14 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 2000/s 
T31S15 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 1900/s 
T31S16 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 2000/s 
T31S17 5.5 x 1.02 mm Steel 7.0 Bar 1.48 g/cc 75% 2000/s 
T31S18 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 2200/s 
T31S19 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 2100/s 
T31S20 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 1900/s 
T31S21 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 2200/s 
T31S22 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 2100/s 
T31S23 5.5 x 1.02 mm Steel 8.0 Bar 1.48 g/cc 90%+ 1900/s 
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APPENDIX C: Split Hopkinson Pressure Bar Tests on Well Graded Glass beads 
 
Split Hopkinson Pressure Bar Tests on Well Graded 
Glass Beads 
 
Test designation Pulse shaper Confinement Air pressure Initial density Saturation Strain rate 
T43S0 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 1000/s 
T43S1 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 1000/s 
T43S2 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 1000/s 
T43S3 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 1000/s 
T43S4 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 1000/s 
T42S1 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 0% 900/s 
T43S5 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 25% 1300/s 
T43S6 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 25% 1200/s 
T43S8 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 25% 1200/s 
T43S10 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 25% 1200/s 
T43S11 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S12 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S13 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S14 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S15 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S16 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 50% 1200/s 
T43S24 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1000/s 
T43S25 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1200/s 
T43S27 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1300/s 
T44S0 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1100/s 
T44S2 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1100/s 
T44S3 5.5 x 1.02 mm Steel 4.0 Bar 1.48 g/cc 75% 1200/s 
 
